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PRELUDE

The purpose of this document is to assist the U.S. Environmental Protection Agency (EPA) in
updating theradon-relevant portionsof its“ Technol ogiesand Costs” (T& C) documents'? devel oped
to support the 1991 proposed radionuclidesrule. Therefore, much of the background information,
description of technologies, and valid design parameters sections were taken from the above
referenced T& C documents. Subsequent to this Prelude, this document is organized as follows:

List of Abbreviations

List of Definitions and Conversion Units
Table of Contents

List of Figures

List of Tables

Chapter 1. Introduction: Presents genera information on the chemica and physical
properties of radon and the regulatory background, and defines the objectives of this
document.

Chapter 2. Removal of Radon from Drinking Water: Discusses technologies and
techniques for removing radon from drinking water sources. Technologies presented
include various aeration technologies, granular activated carbon (GAC) treatment, and
other low technology radon removal techniques. Also, this chapter discusses pre- and
post treatment requirements for selected radon removal technologies.

Chapter 3. Best Management Practices: Presents an overview of best management
practices (BM Ps) for removing moderate amounts of radon from drinking water sources.

Chapter 4. Radon Removal Costs: Providesinformation on available cost model sused
for costing variousradon removal technol ogiesand presentscostsfor varioussystemsize
categories and types.

Appendix A. Provides supporting information for cost analysis and possible off-gas
emissions regulations.

1 U.S. EPA. (1987). Technologiesand Costsfor the Removal of Radon from Potable Water Supplies (Fourth
Draft). Prepared by Malcolm-Pirnie (January 8, 1987).

2U.S. EPA. (1992) Technologies and Costs for the Removal of Radionuclides from Potable Water Supplies.
Prepared by Malcolm-Pirnie (July, 1992).
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ABBREVIATIONS LIST

A:W air:water ratio (quantity of air provided compared to the quantity of water)
am atmosphere

atm-m*/M atmosphere-meter cubed per mole

avg average

°C degrees Celsius

cc cubic centimeters

cm centimeter

CO, carbon dioxide

CT concentration time

DBA diffused bubble aeration

EPA U.S. Environmental Protection Agency
°F degrees Fahrenheit

Fe iron

ft. feet

ft3/min. cubic feet per minute

gal. galon

gm/M grams per mole

gpd gallons per day

gpm gallons per minute

gpm/sq ft. gallons per minute per square foot

hp horsepower

hr hour

in. inch

K Kelvin

K$ $1,000

L/hr. liters per hour

Mn manganese

MCL maximum contaminant level

m?/s square meters per second

m*K/M cubic meter Kelvin per mole

mg/L milligrams per liter

MGD millions of gallons per day

mW/cm? milliwatts per square centimeter
mWs/cm? milliwatts-seconds per square centimeter
MSBA multi-stage bubble aeration

NOM natural organic matter

PCE Perchloroethylene

PTA packed tower aeration

ppm parts per million

pCi/L picocuries per liter

pE electron activity; -log of the electrons exchanged in aredox reaction; -log[ €]
pH negative logarithm of the hydronium ion concentration in mol/L; -log [H,O"]
POE point of entry
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psi
SDWA

scfm

ua/L
VOC

point of use

pounds per square inch

Safe Drinking Water Act
second

square foot

standard cubic feet per minute
micrograms per liter

volatile organic compound
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DEFINITIONS AND CONVERSION UNITS

Aerosol isasuspension of solid or liquid in air.

Alpha particles are positively charged particles, consisting of two protons and two neutrons.
Emitted by decaying radon.

Becquerel (BQ) is aunit of activity in the international system of units (SI) that is equal to one
disintegration per second. 1 Bqis equivaent to about 27 pCi.

Concentration Time (CT) isthe product of the residual disinfection concentration in mg/L © and
the disinfectant contact time in minutes (T). Disinfectant contact timeisthe time needed for water
being treated to flow from the point of disinfectant application to a point before or at the first
customer during peak hourly flow (U.S. EPA, 1997).

Curie is a unit of activity that equals 3.7x10" disintegrations/second. 6.48 mg of radon has an
activity of one curie.

Dose equivalent isthe product of the absorbed dose from ionizing radiation and such factorswhich
account for differencesin biological effectiveness dueto thetype of radiation and itsdistributionin
the body as specified by the International Commission on Radiological Units and Measurements
(ICRU).

Henry’s Law is p = kc, where p is the partial pressure (in atm) of the gaseous solute above the
solution, ¢ is the concentration (in mol/L) of the dissolved gas, and k is a constant (in L-atm/mol)
that is characteristic of the particular solution.

Henry’s Constant is an indicator of the transfer efficiency of a gas from aliquid solution. It is
expressed in atmosphere (atm) or in m*atm/mole. To convert Henry’s Constant from atm to
matm/mole, the following equation applies H,,=H, zammie X P/RT, Where P is pressure in
atmosphere, T is temperature in Kelvin (K), and R is the universal gas constant 8.205 x 10°
m3atm/mole.

1 Picocurie = 10 curies, which is approximately two disintegrations per minute.

Radiation Absorbed Dose (Rad) is a unit representing deposition of energy in matter. One rad
equalsthedeposition of 100 ergs per gram of irradiated material. 100,000 radsare equal to onewaitt.

Radioactivity is the nuclear transformation of a radioactive substance which occurs in a specific
timeinterval.

Roentgen Equivalent in Man (Rem) isthe dose equival ent fromionizing radiationto thetotal body
or any internal organ or organ system that will produce the same biological effect asonerad of high-
penetrating x-rays. Itisequal to the absorbed dose in rads multiplied by aquality factor (rem =rad
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x Q). Thequality factor isameasure of the relative biological effectiveness, which depends on the
part of the body irradiated and the type of radiation.

Sievert (sv) isan Sl unit of dose equivaent from ionizing radiation to the total body or any internal
organ or organ system, and is equal to 100 rem.

1 Standard atmosphere = 1 atm = 760 mmHg = 101,325 Pascal = 14.7 Ib/in?

v May 1999



TABLE OF CONTENTS

Page

PRELUDE . . i
ABBREVIATIONS LIST .o e ii
DEFINITIONS AND CONVERSION UNITS ... e \Y
1. INTRODUCTION .. e e 1-1
1.0 INTRODUCTION ...ttt e e ettt 1-1

1.1 PURPOSE OF THISDOCUMENT ... ... e 1-3

2. REMOVAL OF RADON FROM DRINKING WATER ............ ... 2-1
20 INTRODUCTION TO TREATMENT TECHNOLOGIES ................... 2-1

21 AERATION .. 2-4
211 ProcessDesCriplion ... ..o 2-4

2111 Packed Tower Aeration ...........c.oouiiiininennennnn.. 2-7

2112 Diffused Aeration . ..........iiiiii i 2-10

21.1.3 Spray Aeration . ...t 2-12

2114 Tray Aeralion . ...t e 2-13

2.1.1.5 Point of Entry (POE)/Point of Use (POU) Devices ........... 2-14

2116 ConeAEaion . ...ttt e 2-16

2117 Gas-Permeable MembraneAeration....................... 2-17

2118 AIrSParging . ..ovivi e 2-17

2.1.2 Remova Efficiency and the Effect of Key Design Criteria............ 2-18

2121 Packed Tower Aeration ............ouuiiiiiinennnnnennnn 2-27

2.1.2.2 DiffusedBubble Aeration .. .......... ..., 2-29

21.23 Spray Aeration . ...t 2-30

2124 Tray Aeralion . ...t 2-30

2125 Pointof Entry Devices ... 2-31

2.1.2.6 Comparisonof Technologies ............................ 2-31

213 Pretreatment . ... .. ... 2-32

2131 IronandManganese . .......vviiiii e 2-32

2132 Other FaCtors. .. ..ot e 2-35

214 POSETreament ... ..ottt e e 2-36

2.1.4.1 Disinfection Following Aeration .................coouuun.. 2-36

2.1.4.2 Water Pump Modifications ............... ..., 2-43

215 Off-GaSEMISSIONS . . ..ottt e 2-43

2.1.5.1 Worker Radiation Exposure ..............ccoviiiinennnn.. 2-43

2152 AIrEMISSIONS ...t 2-44

2.1.6 Treatability/CaseStudies . ...t i 2-45

2.16.1 Packed-Tower Aeration ...........c.ccouiiiiiininnennnnnns 2-45

2.1.6.2 Diffused-Bubble Aeration............ ... i, 2-51

21.6.3 Spray Aeration . ...t 2-52

21.6.4 SatorCascade Tray Aeration .............ccciviunennnn.. 2-53

Vi May 1999



2.1.6.5 Pointof Entry (POE)DevICeS. .. .....coviiiii i 2-54

2.2 LOW-TECHNOLOGY AERATIONMETHODS .......... ..., 2-57
221 ProcessDesCription . .......uii i e 2-57
2211 FreeFall Aeration ... ... ...t 2-58
2.2.1.2 Low Technology Spray Aeration .................covuuun.. 2-58
2.2.1.3 Low Technology Bubble Aeration ........................ 2-58
2214 Venturi Aeration . ........iii 2-58
2215 Mechanica Surface Aeration ..............coiiiiinnen.n. 2-59
222 Remova Efficiency ........... i 2-59
2.2.3 Treatability/CaseStudies . ... 2-59
2.3 GRANULARACTIVATED CARBON (GAC) ...t 2-61
231 ProcessDesCription . .......uuii i 2-62
232 Remova Efficiency ........... i 2-70
233 Pretreatment . ... .. ... 2-70
234 POSETreament ... ...ttt e 2-73
2.3.5 Operational Considerations . ...........c.couiiiiiieiennnnnnn. 2-73
2351 GammaEMmMISSIONS .. ...ttt 2-74
2352 Spent GACDISPOSA . ..o it 2-77
236 CaseSIUAIES . . ..o 2-80
3. BEST MANAGEMENT PRACTICES .. ... e 3-1
3.0 INTRODUCTION TO BEST MANAGEMENT PRACTICES ................ 3-1
3.1 DESCRIPTION OF PRACTICES ... .. 3-1
3.1.1 Geologic Controls (Siting)/Alternate Sources . ...................... 3-1
3.1.2 Regionalization . ............iiiii 3-1
3.1.3 Extended AtmosphericStorage . ..., 3-4
314 Blending ......covii 3-5
315 Limitationsof BMPS .. ... e 3-5
3.2 REMOVAL EFFICIENCY ... e e 3-6
3.3 DESIGN CRITERIA . .. e e e 3-6
34 TREATABILITY/CASESTUDIES . ... e 3-6
4. TREATMENT COST ANALYSIS FOR RADON REMOVAL TECHNOLOGIES . 4-1
4.0 INTRODUCTION . ..ttt e e e e e e e 4-1
4.1 DESCRIPTION OF COST ESTIMATING APPROACH . ................... 4-1

4.1.1 Description of the Approach Used for Estimating and Validating PTA and
GAC COSS . . oottt 4-2
4.1.2 Description of the Cost Estimating Models For PTA and GAC ......... 4-3
4121 ThePTA-COSTModd ...... ... 4-3
41.22 TheGAC-COSTModel ...... ..o 4-4
4123 Other EPAMOdES ... ..o 4-5
413 CaseSUdIES . ..ot 4-7

4.1.4 Costing of PTA and DBA Units Using Direct Engineering Costing

Methods . . ... 4-8
4.1.5 Assumptionsfor Engineering Cost Factors and Other Costing Inputs . ... 4-9
4.1.6 Summary of Design and Cost Assumptions Used for Each Model . . . . .. 4-20
4.1.8 Summary of Assumptions Used for AlternativeDBA ................ 4-21

vii May 1999



4.2 CAPITAL AND O&M COSTSAND EQUATIONS ................oitt 4-24

4.2.1 Capita and O&M Costsfor PTAandDBA ....................... 4-25
4.2.2 Capita and O&M Costsfor GAC . ... .o 4-28
4.3 INTERCONNECTION (REGIONALIZATION)COSTS ........cvvvienn... 4-31
4.4 CENTRALIZED TREATMENT FOR SYSTEMSWITH LESS THAN 10,000
P D 4-31
45 COMPARISON OF PTA CAPITAL COSTSWITH CASESTUDIES......... 4-32
45.1 Comparison of O&M Costs With All Case Studies ................. 4-34
46 SUMMARY OF EQUATIONS FOR AERATION AND GAC
TECHNOLOGIES . . ..o e e 4-35
REFERENCES . . ... R-1
APPENDICES
Appendix A-0 Conceptualized Diagrams for PTA Configurations Assumed
in the PTA-Cost Model and the Direct Engineered Approach ........... A-0-1
Appendix A-1 Detailed Breakdown of Estimated Costs for PTA and Cost
CurvesBased on PTA-CostModel ........ ... A-1-1
Appendix A-2 Raw Design and Cost-Estimating Data and Cost Curves
for Direct Engineered PTA ... ... i e A-2-1
Appendix A-3 Detailed Breakdown of Estimated Costs for GAC and Cost
CurvesBased on GAC-CostModel . ...t A-3-1
Appendix A-4 Investigation of Possible Off-Gas Emissions Regulations .............. A-4-1

viii May 1999



Figure 2-1.
Figure 2-2.
Figure 3-1.
Figure 4-1.

Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.
Figure 4-6.

Table 1-1.
Table 2-1.
Table 2-2.
Table 2-3.
Table 2-4.
Table 2-5.
Table 2-6.
Table 2-7.
Table 2-8.
Table 2-9.

Table 2-10.
Table 2-11.

Table 2-12.
Table 2-13.
Table 2-14.
Table 2-15.
Table 2-16.
Table 2-17.

Table 2-18.
Table 2-19.
Table 2-20.

Table 3-1.
Table 3-2.
Table 4-1.
Table 4-2.

LIST OF FIGURES

Practical Radon Removal with Increasing Air:Water Ratio for PTA ....... 2-28
Theoretical Radon Removal with Increasing Air:Water Ratio for PTA ... .. 2-28
Regionalizalion .. .......... . e 3-3
Percent Breakdown of Capital Costs for PTA, STA, and MSBA Case
SUdIES . 4-11
Percent Breakdown of Capital Costsfor GAC Case Studies . ............. 4-13
Mean Percent Breakdown of Various Indirect Cost Compounds . ......... 4-17
Comparison of PTA-COST Model Capital Coststo Case Studies ......... 4-32
Comparison of PTA-COST Model Capital Costs with Other EPA Models .. 4-35
Comparison of PTA-COST Model with O&M Costs with Case Studies and
Other MOdEIS . . ..o 4-36
LIST OF TABLES
Physical Propertiesof Radon . ............ ... i 1-1
Summary of Technologies for Radon Removal and Removal Efficiencies. ... 2-3
Henry's Law Constants for Selected Compounds (20°C) ................. 2-5
Removal Efficiency Datafor AerationPilot Tests ..................... 2-19
Radon Removal for Spray AerationPilot Tests. .. ..................... 2-30
Correlation of Occurrence of Feand MnwithRadon ................... 2-32
Treatment Levelsfor lronandManganese .....................c..... 2-33
Packed-Tower Aeration .. ..... ...t 2-47
Cascade Tray Aralor . ... oottt e e 2-54
Low-Technology Aeration Removal EfficienciesObserved .............. 2-60
Radon Removals for Low Technology Techniques..................... 2-61
Freundlich Isotherm Data and Relative Ranking for Six Activated Carbons
and Radon at 10°C . . ..o 2-65
GACK, Constant by Carbon Type ... 2-67
GAC K, Constant by Carbon Type as Reported From Different Sources . ... 2-68
Radon Removal Efficienciesby GAC ....... ... ... 2-71
Turbidity, Iron, and ManganeseLevels ............. ... ... ..coou... 2-72
GammaEmissionsfrom GAC Contactors . .. .......ovviiine .. 2-75
EPA Guidelines for Disposal of Radioactive Water Treatment Plant
ReSIUEIS ... o 2-78
Summary of Hodsdon’s 1993 Survey of GAC Treatment Facilities ........ 2-82
Categorization of POE GAC Unitshby State .......................... 2-83
Relative Use of Different Sized GACUnits ........... ... ..., 2-83
Removal Efficienciesfor BMPs . ... ... . i 3-6
BenCh Studies . . . ... 3-7
Summary of Percentages Recommended by the TDP . ................... 4-9
Percentages Used in the PTA-COST and GAC-COST Models ........... 4-14

ix May 1999



Table 4-3.
Table 4-4.
Table 4-5.
Table 4-6.
Table 4-7.
Table 4-8.
Table 4-9a.
Table 4-9b.
Table 4-9c.
Table 4-9d.
Table 4-10a.
Table 4-10b.
Table 4-11.

Co-Occurrence Datafor Iron and Manganese VersusRadon ............. 4-19
Summary of Design Inputs for Estimating PTACosts .................. 4-22
Summary Design Inputsfor Estimating GACCosts .. ..........coovun.. 4-22
Cost Indices and Other FactorsforModels .. ............. .. .. ... ... 4-23
Design and Cost Assumptions for Alternative PTA Configuration .. ... .... 4-24
Design and Cost Assumptions for Direct Engineered DBA .............. 4-25
Capital and O&M Costs for Packed Tower Aeration (PTA) .............. 4-26
Costsfor Indirect Items Potentially Associated with Aeration ............ 4-27
Capital and O&M Costsfor Direct-Engineered PTA ................... 4-28
Capital and O&M Costsfor DBA ... ... 4-28
Capital and O&M Costsfor GAC ... .ot e 4-29
Costsfor Indirect Items Potentially Associated withGAC ............... 4-30
Summary Table of Cost Equations for Radon Removal Technologies . .. ... 4-37

X May 1999



Introduction

1.0 INTRODUCTION

Radon-222 (radon) is a noble gas that is formed by the radioactive decay of the immediate
parent element radium-226. Noble gases (Periodic Group 8A) are inert, odorless, and colorless.
Radon-222 undergoesfurther radioactive decay emitting alphaparticlesin the process. Thehalf life
of radon isabout 3.82 days. The decay products of radon, called radon progeny or radon daughters,
are short half-liferadioactiveisotopesthat emit alphaand beta particles, and gammaradiation. The
concentration of radon dissolved in water is extremely small in comparison to its activity. For

example, avolume of water containing 6.48x10™ mg/L of radon gas contains 100,000 pCi/L.

The physical properties of radon are listed in Table 1-1.

Table 1-1. Physical Properties of Radon®

Molecular Weight 222 gmM*
Boiling Point 211K (-62°C)
Melting Point 202K (-71°C)
Solubility in Water 230 cm®/L @ 20°C
Air Diffusion Coefficient 1.2 x 10° m? Sec*
Water Diffusion Coefficient 1.2 x 10° m? Sec*

(1) Chemical Engineer’s Handbook 6th Edition (Perry, 1984) and The Merck Index Eleventh Edition (Budavari, 1989).

The rate and amount of gas that transfers in and out of water is greatly impacted by its
solubility. Gases either react with water or do not chemically react with water. For gases such as
radon which do not react with water, the attraction that water mol ecul es have to themsel ves opposes
solubility since agas must be more attracted to the water than are other water moleculesin order for
it to solubilize. Since radon does not bond to water molecules, it is not solubilized. Radon’s low

solubility and its high vapor pressure mean that it strongly partitions into the air by diffusion.
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Since it easily transfers from water to air, radon is rarely found in surface waters and is
primarily an issue in ground waters. Radon enters drinking waters supply sources from the decay
of naturally occurring radium-226 in the rock and soil matrix. Radon levels can vary greatly from
one region to the next because of differencesin the local geology. Radon in well water al'so varies
due to local, site specific factors such as well depth, distance from the radon source, pumpage
patterns, and the characteristics of the radon source. For example, the relationship between granite
bedrock and high radon level s has been observed in sections of the United States and other parts of
theworld (Michel, 1990; L and and Water Resource Center, 1983; Castren, 1977; Sasser and Watson,
1978). In addition to the relationship between granite bedrock and the occurrence of radon, radon
has been detected in thermal springs at concentrations of 100 to 30,000 pCi/L and in regions of
phosphate mining (Hess, et a., 1985; Partridge et al., 1979; Smith et al., 1961).

The National Inorganics and Radionuclides Survey (NIRS) conducted by EPA in 1988
indicated that the concentration of radon in ground water supplies ranged from the minimum
reporting level of 100 pCi/L to 25,700 pCi/L (Longtin, 1988). Levels of radon in ground water
supplies were in the range of 100 to 1,000 pCi/L for 61.5 percent of the 978 sites sampled in the
NIRS. The highest levels of radon observed in the NIRS were in small system supplies serving
fewer than 500 people. Atoulikian, et al. (1995) estimates that about 83 percent of ground water
systems have aradon concentration of lessthan 500 pCi/L and that about 10 percent of ground water
systems have a radon concentration between 500 and 1,000 pCi/L.

The concentration of radon in drinking water may increase or decrease in the distribution
system as it travels from the treatment plant to customers. The decay of radon during transit or
storagein thedistribution system hasbeen shownto generally reduceradon levelsby 10-20% (NRC,
1998). However, radon levelsin thedistribution system can al so increase dueto the decay of radium
that has accumulated in iron-based pipescale (NRC, 1998; Valentine and Stearns, 1994).

Once radon in water supplies reaches consumers, it may produce human exposure via two
routes: inhalation and direct ingestion. Radon in water transfers into the air during normal water

uses such as showering, flushing toilets, washing dishes, and washing clothes. For inhalation, the
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main risk from exposure to radon gas is not from the gas itself, but the radioactive progeny it
produces. Thisisbecauseradonisaninert gaswhilethe progeny are chemically active and associate
readily with aerosols (suspension of solid or liquid in air). The aerosolstend to deposit in the lungs
where they release radiation that has been shown to increase the likelihood of lung cancer. Radon
issecond only to cigarette smoking as aleading cause of lung cancer inthe United States (U.S. EPA,
19944).

Some of the radon and its progeny also reach body tissues through ingestion, resulting in
radiation exposureto theinternal organs. Ingested radon isthought to move from the gastrointestinal
tract to the bloodstream, and from there is carried to the liver, lungs, and general body tissue
(Crawford-Brown, 1990). Crawford-Brown (1990) notes that studies have shown that radon is
generaly retained in the body with a half-life of 30 to 70 minutes, and leaves the body mostly
through exhalation from thelungs. Ingested radon isbelieved to increasetherisk of stomach cancer
and, to a smaller degree, the risk of other cancers, but this is based on indirect evidence (Mills,
1990).

A study prepared for the American Water Works Association Research Foundation (Deb,
1992) examined the effect that reducing waterborne radon concentrations had on indoor air radon
concentrations. The study found that areduction of 1.3 x 10 pCi/L of indoor air radon occurred for
every 1 pCi/L reduction in waterborne radon (Deb, 1992). For example, areduction in waterborne
radon concentration from 2000 pCi/L to 200 pCi/L (1800 pCi/L reduction, which is 90 percent)
would result in a reduction of 0.234 pCi/L in the airborne radon concentration in a home. This

relationship corresponds well with those found in other research (Deb, 1992).

11 PURPOSE OF THIS DOCUMENT

The objective of thisdocument isto support the EPA Office of Ground Water and Drinking
Water (OGWDW) in its preparation of requisite technology and cost documentation for rule
development and regulatory impact analysisfor theradon rule. Thisdocument presentsinformation
on various radon removal technologies and techniques and provides information on expected

removal efficiencies based on peer reviewed literature and documented case studies. The
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technologies and techniques discussed in this document include various aeration technologies,
granular activated carbon (GAC), and storage and other best management practices as means to
remove and reduce radon in drinking water. This document also provides unit treatment cost
estimates for a range of plant sizes, and cost estimate for regionalization. In addition, it provides

guidance on how regional cost variations may affect unit treatment cost estimates.
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Removal of Radon from Drinking Water

2.0 INTRODUCTION TO TREATMENT TECHNOLOGIES

The feasibility of technologies for radon removal from water is largely determined by
radon’s chemistry. Other factors include secondary risks from treatment and site-specific
considerations (e.g., physical space constraints). Radonisvirtualy inert, hasashort half-life (3.82
days), and is a soluble gas at normal temperature and pressure (20"C, 1 atm). Because of its short
half-life, 2 days of storage removes about 30 percent of the initial mass and radioactivity of radon
in water by decay aone.

Henry's Law states that the amount of gas that dissolvesin a given quantity of a solution,
at constant temperature and total pressure, which is directly proportional to the partial pressure of

the gas above the solution (Zumdahl, 1989). Henry’s Law is expressed by the following equation:

HC
p:_
PT

where:
p = mole fraction of gasin air = mol gas/mol air
C = mole fraction of gasin water = mol gas/mol water
H = Henry’s Law constant = atm

P; = total pressure = atm (usualy = 1).

Since P; is usualy defined as 1, the equation becomes p = HC and H becomes unitless. Thus,
H=p/C, and the larger Henry’s constant is, the larger the contaminant concentration in air is at
equilibrium. When a contaminant is at saturation in both the liquid and vapor phase, the partial
pressure of the contaminant is equal to the vapor pressure of the pure materia and Henry’s Law
constant is proportional to P,/S (where P, is the vapor pressure of the liquid and Sisthe solubility
of the contaminant in water). This means that a contaminant with lower solubility and/or higher

volatility (i.e., higher vapor pressure) will haveahigher Henry’ sLaw constant. (Faust and Aly, 1998)
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TheHenry’sLaw constant for radoninwater at 20°Cis2.26x10° ATM, or 40.7 L-atm/mole
which isequivalent to 5.09x10" pCi/L-atm® (Hess et al., 1983). Because of thislarge Henry’s Law
constant, radon easily transfersinto air above water. At 20°C, ammonia (NH,) hasaHenry’sLaw
constant of 0.76 atm, while carbon dioxide (CO,) has a Henry’s Law constant of 1.51x10° atm
(AWWA and ASCE, 1998). Radon’s relatively high Henry’s Law constant indicates that it can
transfer from water into the air faster than both ammonia and carbon dioxide, which are readily

strippable gases.

If a water storage tank is left open to the atmosphere and undisturbed, the radon-
contaminated water will losevirtually all radon through diffusion and decay. Dixon and Lee (1987)
noted that, whilefilling a stand pipe, volatilization and seepage (diffusion) of radon into theair is
afar more important factor than the decay of radon. Data from the 2-day experiment show that
radon levelsin the 0.032 MG steel stand pipe effluent were 15 percent less than the influent radon
levels about one hour after pumping well water into the tank. The well water radon levelswerein
the 4,600 pCi/L range. Aeration hastensthediffusion processhby providing alarger air/water surface

areaand a higher degree of turbulence.

Because of the physico-chemical characteristics of radon and natural processes(e.g., natural
diffusion and decay, turbulence), radon levelsin surface waters are typically much lower than those
found in ground water. Since radon has the above-mentioned properties, options for removing
radon from drinking water sourcesinclude aeration, adsorption onto another media(e.g., GAC), and

storage.

Table 2-1 shows various technologies available for the removal of radon. These
technologies are water treatment processes within the technical and financial capability of most
public water systems. Prior to implementing a technology, site specific engineering studies of the
methods identified to remove radon should be performed. The engineering study should evaluate

technically feasible and cost effective methods for the specific location where radon removal is

% 6.48 mg of radon has an activity of 1 Curie. For conversion of Henry’'s Constant from atm to L-atm/mole,
refer to pageiv.
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Table 2-1. Summary of Technologies for Radon Removal and Removal Efficiencies
Treatment Method Percent Removals®¥) Comments

Packed Tower Aeration 78-99.9 — Proven technology

— Low maintenance

— Pretreatment may be required
— Potential emissions concerns
— Potential temperature concerns
— Potential aesthetic concerns

Diffused Bubble Aeration 71-99.9 — Proven technology
— Low maintenance
— Low profile and compact

Point of Entry 92-99.9 — Pretreatment may be required
Diffused Bubble Aeration — Potential emissions concerns
— Potentia temperature concerns
Spray Aeration 3599 — Multiple passes required for high removals
- — Operational problemsin cold conditions
Point of Entry 82-93
Spray Aeration
Slat Tray Aeration 70-94 — Pretreatment may be required
— Potential temperature concerns
Low Technology Aeration @ 10-96 — Footprints maybe larger than those needed for

other technologies
— Potentia temperature concerns

Granular Activated Carbon 70-99 — EBCT of 30-130 minutes (longer than that
needed for the removal of taste and odor and
volatile organic compounds)

— Radiation concerns.

(1) Removals as high as these ranges have been reported in literature.

(2) Low technology processes include relatively simple techniques such as the use of free-fall aeration, spray nozzles, or Venturi
Iba;téc;rr]?tory devicesto deliver influent to an atmospheric storage tank, or mechanical surface aeration to agitate the water in atank or
required. In some cases a simple survey may suffice, while in other cases, extensive chemical
analysis, design, and performance data will be required. The study may include laboratory tests
and/or pilot-plant operationsto cover seasonal variations, preliminary designs, and estimated capital
and operation costs for full-scale treatment. The evaluation of other options, such as point of
use/point of entry devices and spraying in storage tanks, as well as best management practices
(BMPs) such asextended atmospheric storage, may beincluded. Cost estimatesfor such engineering

studieswill vary based on factors such asraw water quality, system size, and the number of options.

2-3 May 1999



Radon removal techniques can be divided into three categories:

* Aeadtion
* Granular Activated Carbon (GAC)
» Simple techniques and best management practices.

The sections that follow in this chapter contain a description of these technologies, discussion of
removal efficienciesachieved, issuesrelated to pretreatment, post treatment, and off-gasemissions,
and information gathered from treatability/case studies. Simple techniques and best management

practices are discussed in Chapter 3.

2.1 AERATION
2.1.1 Process Description

Aeration may be described as the process of bringing air and water into close contact with
each other for the purposes of transferring undesirable water constituents to air, oxidizing some
natural organic matter (NOM), and improving the treatability of water. Aeration has been used
effectively in water treatment to reduce the concentration of taste and odor-producing compounds
such as hydrogen sulfide and certain synthetic volatile organic compounds (VOCs), to remove
carbon dioxide to reduce corrosivity and lime demand in lime softening treatment, and to oxidize
iron or manganese. However, the use of aeration solely for the purpose of controlling radon is a

relatively new concept in the drinking water industry.

The driving force for mass transfer of radon from water to air is the difference between the
actual concentration inwater and the concentration associated with equilibrium between the gasand
liquid phases. The equilibrium concentration of a solute in air is directly proportional to the
concentration of the solutein water at agiven temperature according to Henry’sLaw. Henry’sLaw
(p=Kc) states that the amount of gas that dissolves in a given quantity of liquid (c), at constant
temperature and total pressure, is directly proportional (K) to the partial pressure of the gas above
thesolution (p). Thus, theHenry’ sLaw constant (K) can be considered a partition coefficient which

describes the rel ative tendency for acompound to separate, or partition, between the gasand liquid
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phases at equilibrium.* Aeration is used to increase the speed of the natural process of moving
toward equilibrium between dissolved, volatile substancesin the water and the same substancesin
the air to which the water is exposed. Aeration also enables more of the dissolved, volatile
substances to move from water to air by exposing the water to afresh source of air that has lower

concentrations of the substances.

Equilibrium constants for radon and several other compounds which have been found in
ground water supplies are presented in Table 2-2. A Henry’s Law constant is a measure of the
relative escaping tendency of a compound; a compound with a high vapor pressure and a low
aqueous solubility tends to volatilize more readily. Thus, high Henry’s Law constant indicates
equilibrium favoring the gaseous phasg; i.e., the compound generally is more easily stripped from
water than one with a lower Henry’s Law constant. As shown in Table 2-2, radon has a larger
Henry's Law constant than carbon dioxide and trichloroethylene which are known to be easily

removed by air stripping.

Table 2-2. Henry’s Law Constants for Selected Compounds (20°C)®

Henry’s Law Constant®
(atm-m®)
Compound mole Henry’s Law Constant® atm

Vinyl Chloride 6,295 x 103 35x10°
Oxygen 773 x 10 4.3 x 10
Radon 40.7 x 103 2.26 x 10°
Carbon Dioxide 27.2x 103 1.51 x 10°
Tetrachloroethylene 19.8 x 10° 1.1x 10°
Trichloroethylene 9.89 x 103 5.5 x 10°
Ammonia 0.0137 x 103 0.76

(1) To convert from atm-m?3/moleto atm, thefollowing equation applies: H (atm-m*mole) x P/RT =H(atm), where Pispressure
in atmosphere, T istemperature in Kelvin, and R is the universal gas constant (8.205x10°° atm-m¥/mole).
(2) Hess et al., 1983.

“Henry’ sLaw appliesto most gases, particul arly thosethat are dightly soluble and do not react with the solvent
(e.g., dilute solutions like radon in ground water).
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Thefollowing factorsarekey elementsin controlling thetransfer of volatile substancesfrom

water to air and must be considered in the design of aeration systems:

* Contact time (time of exposure)
* Areatovolumeratio (available areafor masstransfer, air to water ratio)

» Proper dispersal of waste gasesinto atmosphere (gastransfer resistance, particularly due
to liquid film and gas film resistance at the air-water interface; partial pressure of gases
in the aerator atmosphere; turbulence in gaseous and liquid phases)

» Physical chemistry of the contaminant
e Influent concentration of the contaminant

* Water and surrounding air temperatures.

The first three factors are aeration unit dependant, while the last three are contaminant and site

specific.

Aeration may aso have other effects besides radon and VOC removal. These secondary

effects may be either beneficial or adverse and may include the following:

Beneficia
* Removal of hydrogen sulfide and other taste and odor-causing compounds.
* Removal of some carbon dioxide which resultsin increased pH and lower corrosivity.

» Potential reduction in the amount of chlorine needed to treat water. Since aeration
removes sulfide, it can significantly reduce the amount of chlorine needed to oxidize
sulfide (Dell’ Orco, et a., 1998). However, there may be no net reduction in chlorine
dose since aeration aso increases pH and thus increases chlorine requirements.

» Partial oxidation of iron and manganese that may be removed by subsequent filtration.

Adverse

* Permitting procedures may be required for off-gas emissions containing radon in some
urban locales; although, aproperly designed system would not pose asignificant risk to
the public due to the dispersion of gases containing radon and its progeny (as discussed
in Section 2.1.5.2 of this report).

» Increased potential for scaling in the distribution system due to the increase in pH.
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* Increased corrosivity due to higher dissolved oxygen levels.

* Need to disinfect treated water and aeration equipment.

* Need to prevent deposition of iron and manganese in the distribution system.

Aeration technologies can be divided into four basic categories:

« waterfall aerators,
o (diffusion or bubble aerators,
e mechanical aerators, and

* pressure aerators.

Some of the more common types of waterfall aerators are packed tower/column, spray, tray, cone,
and cascade aerators (AWWA and ASCE, 1998). Several aeration technologies can be applied both

at water treatment plants to treat full water supplies and at homes as point of entry (POE) devices.

Technologiesin thefirst two categories, including their application as POE devices, and the
emerging technologies of gas-permeable membranes and sparging are presented in this section.
Some of thetechnologiesin thefirst two categories, such as spray aeration and cascade aeration, can
be applied using simpler structuresin what can be considered alow technology manner. Similarly,
technologies in the third category can be classified as low technology. These lower technology
aeration techniques are described in Section 2.2. Pressure aerators, used to aerate water that isunder
pressure, are available in two types. One type sprays water into the top of a closed tank while the
tank receives a continuous supply of compressed air; aerated water |eaves from the bottom of the
tank. With the second type, compressed air isinjected directly into apressurized pipelineto add air
bubblesto theflowing water. Pressure aeratorsare applied iniron and manganese oxidation, but are

not used for radon removal, so they are not discussed further in this document.

2.1.1.1 Packed Tower Aeration
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Radonisreadily volatilized from water and thusiseasily stripped like many VOCs. Packed
towershave been shownto bethe most efficient form of aerationfor VOC removal, therefore packed
towers have been applied for radon removal. In countercurrent flow packed towers, packing
materials are used which provide high void volumes and high surface area. The water flows
downward by gravity while air isforced upward. The untreated water is usually distributed on the
top of the packing with sprays or distribution trays and the air is blown up the column by forced or
induced draft. This design results in continuous and thorough contact of the water with air and
minimizes the thickness of the water layer on the packing, thus promoting efficient mass transfer.
Thedesign of air stripping equi pment has been extensively devel oped in the drinking water industry
for VOC and hydrogen sulfide removal and in the chemical engineering industry for stripping

concentrated organic solutions.

The removal of radon using packed tower aeration is determined by the following factors:

* Airtowater (A:W) ratio

» Contact time

* Available surface areafor mass transfer
» Surfaceloading rate

» Physica and chemical characteristics of radon (an inert gas with a high Henry’s Law
constant)

* Radon concentrations in the influent water and air

o Temperature of the water and the air.

Thedesign of apacked tower aerator playsamajor rolein establishing the effects of thefirst
four factors, while the last three factors are established by the contaminant, source water, and
location of the tower (AWWA and ASCE, 1998).

The air flow requirements for a packed tower depend on the Henry’ s Law constant for the
particular compound(s) to be removed from the water. In a perfect aeration system, the minimum
A:W ratio which will achieve complete removal of a contaminant is dependent on Henry's Law

constant. The greater the Henry’s Law constant, the less air is required to remove the compound

2-8 May 1999



fromwater. Because aeration systemsare not perfect and the contaminant concentration in the feed
air may not bezero, actual A:W ratiosto achieveagivenremoval efficiency aregreater thantheideal
or theoretical relationship between radon removal and the A:W ratio (Spencer and Brown, 1997).

The contact timeisafunction of the depth and type of the packing material. Anincreasein
the depth of packing material results in a greater contact time between the air and the water, and
consequently, higher removalsare achieved. The depth of the packing material isdetermined by the
height of the packing in the tower.

The available surface area for mass transfer is afunction of the packing material. Various
sizesand typesof packing material areavailableincluding ¥zinchto 3-inch sizesand metal, ceramic
and plastic materials. In general, the smaller packing materials provide agreater available areafor
mass transfer per volume of material thusincreasing the mass of contaminant removed. However,

the resulting increased pressure drop for air passing through the column must also be considered.

The surface loading rate is the amount of water that passes through the tower and islargely
a function of the diameter of the tower and the system design flow. The surface loading rate
typically ranges from 25 to 30 gpm/ft* (AWWA and ASCE, 1998).

Temperature affects the solubility of radon in water and its Henry’s Law constant. Asthe
temperature increases, radon’ s solubility in water decreases. However, radon, asan inert gas, is not
expected to show alarge margin of difference in solubility between near freezing temperature and
20°C. Although removal efficiencies usualy increase as water temperature increases for packed

tower aerators, heating influent water is generally not cost effective (AWWA and ASCE, 1998).

Packed tower aeration can generally be used with systems of all sizes. A typical packed

tower installation consists of the following:

» Packed Tower—Either metal (stainlessstedl or aluminum), fiberglass-reinforced plastic,
or concrete construction. Internals (packing, supports, distributors, mist eliminators) are
generally made of metal or plastic. Packing can be random or structured.
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* Blower—Typicaly centrifugal type, either metal or plastic construction. Noise control
may be required depending on the size and system location.

» Effluent Storage—Generally provided as a concrete clearwell (also called airwell)
below the packed tower. Typical storage timeis 5-15 minutes of design flow with the
higher storage capacity at small systems (U.S. EPA, 1979).

o Effluent Pumping—Generaly required since effluent is at atmospheric pressure.
Vertical turbine pumps mounted on clearwell are typical.

Packed towers are often installed outdoors, potentially creating temperature, aesthetic, and
noise concerns. In cold climates, piping should be protected from freezing, especially during low
flowsthat occur during periods of lower demand for water. Fog and surfaceicing may also be cold
weather concerns. Aesthetic problems due to the height and appearance of a packed tower may
necessitate special artistic touchesand architectural designs. Somelarge outdoor facilitiesmay need
to locate the blowersin abuilding when noiseisaconcern. Inaddition, public perception about off-

gas emissions may require a public relations/outreach program.

2.1.1.2 Diffused Aeration

Aeration isaccomplished in the diffused-air type equipment by injecting bubbles of air into
the water by means of submerged diffusers. Diffusers are usually either porous plates or tubes, or
perforated pipes. Theolder, moretraditional applicationsincluded adeep tank. The more recently
devel oped diffused-bubbl e aeration systemsinclude ashallow depthtank. Ideally, diffused aeration
is conducted counterflow with the untreated water.> The untreated water enters the top of the basin
and exitsfrom the bottom treated, whilethefresh air isblown from the bottom and isexhausted from
thetop. The air bubbles produced by the diffusers rise through the water, creating turbulence and
providing an opportunity for the transfer of volatile materials. Gas transfer can generally be
improved by increasing basin depth, producing smaller bubbles, improving contact basin geometry,
and by using aturbine to reduce bubble size and increase bubble holdup (EPA, 1992).

Diffused aeration generally provideslessinterfacial areafor masstransfer but greater liquid
contact time when compared to packed towers (AWWA and ASCE, 1998). Diffused aeration

® Since some mixing results from aeration, flow is rarely this straightforward.
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provides an optimum treatment system for the dissolution of a soluble gas in the water (i.e.,
oxygenation or ozonation), while packed tower aeration providesan optimum systemfor theremoval

of volatile contaminants from the water.

A viable option for small and medium sized systems is a variation of diffused aeration
technology called multi-stage bubble aeration (MSBA). MSBA units are available commercially.
Typical commercia units consist of a high-density polyethylene vessel partitioned into multiple
stages with stainless steel and polyethylene divider plates. Each stage is provided with an aerator.
Individual aerators are connected to a supply manifold. The units are compact and low profile.
Water depths are shallow for MSBA, with sidewater depthstypically lessthan 1.5 ft (compared to
depths of 10 to 20 ft for typical aeration basins).

Diffused aeration may be adapted to existing storage tanksand basins. Theair diffusersmay
be placed on the side of the tank to further induce turbulence and assist in gastransfer. When porous
plates are used, they are located at the bottom of the tank. If porous tubes or perforated pipes are
used, they may be suspended at about one-half depth of the tank to reduce compression heads.

Diffusers are designed to produce bubbles of certain sizes. Smaller bubbles create moretotal area
for mass transfer, thus increasing the exchange of volatile substances. When porous diffusers are
used, incoming air should befiltered carefully through an electrostatic unit or afilter of metal wool
or glass in order to minimize clogging. Static tube aerators have also been used in a variety of
applications and have provided adequate aeration when properly designed.

The design of diffused aeration equipment has been developed extensively in the chemical
processing industry for handling concentrated organic solutions. The procedures found in the
chemical engineering literature can be applied to water treatment for radon. Therate at which radon
is removed from water by diffused aeration depends upon many of the same factors as for packed

tower aeration:

» Temperature of the water and the air
» Physical and chemical characteristics of radon

* Radon concentrations in the influent air and water
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* A:Wrdtio
» Contact time (e.g., flow rate)

* Avallable areafor mass transfer (e.g., bubble fineness).

Thefirst threefactorsarefixed by theliquid stream and the contaminant; the last three are dependent

upon the equipment and operating conditions and can be evaluated in a pilot testing program.

This technology has a number of advantages and disadvantages relative to packed tower
aeration (PTA). Theadvantagesincludethe potential for modifying an existing basin or storagetank
with diffused aeration, and marginal savings due to no packing costs, reduced pumping costs, and
generally lower energy costs. MSBA in particular offers the advantage of being compact and thus
isfavorablefor aesthetic reasonsand ofteninvolveslower building costs. Thedisadvantagesinclude
the requirement of increased contact time (which could rule out the use of a given modified basin
or storage tank), the possibility of needing a greater A:W ratio, and overall less efficient mass
transfer. MSBA isalso limited in treating larger flows.

2.1.1.3 Spray Aeration

Spray aeratorsdirect water upward, vertically, or at an inclined angle, in such amanner that
thewater isbroken into small drops. Installationscommonly consist of fixed nozzleson apipegrid.
The small dropletsformed expose alargeinterfacial surface areathrough which the radon migrates

from the liquid phase to the gaseous phase.

Design factors that impact the effectiveness of spray aration include:

* Nozzle design and operating pressure (e.g., velocity of spray)

* Nozzle orientation (e.g., Size, number, and spacing of multiple spray nozzles; nozzle
trajectory)

» Distance of water droplet free fall
» Water droplet size

* Amount of ventilation (including the effects of wind on the movement of rising and
falling water droplets).
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Although the use of many small spray nozzles that each produce very small water droplets
may provide the greatest area-volumeratio (i.e., most available areafor mass transfer), these small
nozzlestend to clog and require high maintenance. Spray aerator nozzles generally have adiameter
of 1.0-1.5in., discharge ratings of 75-150 gpm (at about 10 psi), and areinstalled every 2-12 feet
apart. (AWWA and ASCE, 1998)

Spray aeration, like diffused aeration, has a number of advantages and disadvantages in
comparison to other aeration technologies. The advantages include the capability of achieving
efficient mass transfer due to the small water droplets created by the fixed nozzles, the lack of any
packing costs, and potentially lower maintenance costs. The disadvantages include the need for a
large operational area, which trandates into increased building construction costs, potentially
increased operating problems during the cold weather months when the temperature is below the
freezing point, short exposuretime between air and water, and high pressure requirements (AWWA
and ASCE, 1998).

2.1.1.4 Tray Aeration

A dat tray or multiple tray aerator consists of a series of trays (usually 3-9 trays spaced
12-30 in. apart) equipped with dats, or perforated or wire-mesh bottoms, over which water is
distributed and allowed to fall to acollection basin at the base of the unit. Distribution of the water
over the entire tray areais important from an efficiency standpoint. In many tray aerators, coarse
mediasuch as coke, stone, or ceramic ballsranging from 2 to 6 inchesin size are placed in the trays
to improve the efficiency of gas exchange and distribution. Radon removal occurs as the water
falling through the trays contacts air and radon is transferred from the water to the air. Air can be

supplied to tray aerators either with a natural draft or aforced draft from a blower.

A cascade tray aerator isessentially adat tray aerator without ablower to force air through
the aerator. Instead, the water isallowed to flow over the traysand fall to abasin through naturally
induced air.

If tray aerators are placed in apoorly ventilated building, performance will be impaired and

operator safety may be of concern. Artificial ventilation is a requirement under these conditions.
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Artificial ventilation is provided in certain types of tray aerators by enclosure and provision of a
forced draft. Such aerators generally employ the countercurrent flow principle. Theair issupplied
at the bottom of the aerator enclosure by ablower and travel s upward through the aerator counter to
the downward flow of the water. The counterflow of air and water is advantageous, and such
aerators have shown excellent oxygen absorption and carbon dioxide removal capabilities. More

research is needed to determine how the use of counterflow impacts radon removal capabilities.

Another variation of thistechnology is shallow tray aeration, where the primary component
isashallow tray module that has one to six compartments or stages of limited depth (e.g., 18 to 30
inches). Water is pumped through the module as air is pumped in through diffusers at the bottom.
Since these units are generally modular, they are compact (yielding a smaller footprint) and are

considered relatively ssmpleto install for both retrofits and new construction.

A type of multipletray aerator, the crossflow tower, has been extensively utilized in cooling
applications. Inthissystem, water isallowed to fall over thetray areawhileair isforced or induced
to flow across the slats perpendicular to the water path. In some crossflow columns, air isdrawnin
from the sides and expelled out the top of the aerator. This type of column is actually a hybrid of
the countercurrent and crosscurrent units. The reviewed literature did not provide data on radon

removal ratesfor crossflow tower tray aerators.

Tray aerators can generally be used with systems of al sizes. One disadvantage of tray
aeratorsisthat sime and algae can grow on the trays, possibly necessitating the addition of copper
sulfate or chlorine to control growth (NRC, 1997).

2.1.1.5 Point of Entry (POE)/Point of Use (POU) Devices

Point of entry (POE)/Point of use (POU) treatment devicesareinstalled at residenceswhere
only household water is treated. POU systems generally treat only water used for drinking and
cooking, while POE systemstreat the entire supply entering ahousehold. POU treatment isprovided
at the tap by devices that can be faucet mounted or with line-bypass units. As the name implies,
faucet-mounted unitsaredeviceswhich attachto an existing faucet. Line-bypassunitssupply treated
water to a special tap or third faucet which is usually located at the kitchen sink. These treatment
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devices themselves are generally located under the sink and are usually larger and treat a greater
volume of water than faucet-mounted units. POE devicescan beinstalledin the basement or outside
the home. The health risk associated with airborne radon would necessitate that all of the water
entering ahouse betreated for radon removal. Therefore, aPOE system would be more appropriate

than a POU treatment device from an exposure standpoint.

Diffused bubble, bubble plate, and spray aeration are adaptable to individual family homes
or, in some cases, buildings serving more than one family, or a small community. Packed tower
aeration is not generally used in POE systems because of its greater cost and aesthetic and
installation concerns due to tower height. MSBA and shallow tray aeration can beinstalled as POE
systems, but may be cost prohibitive. POE devices may require pretreatment and post treatment to
avoid operational problems.

POE treatment devices provide a technically feasible alternative to centralized treatment
facilities, and may be more economical than acentral treatment system. POE treatment may be most
economically competitive in very small water systems where the economies of scale for the larger
centralized facilities are not apparent. Another advantage of POE treatment is the small capital
investment relative to centralized treatment for many technologies. In some cases, POE treatment

may provide more effective contaminant reduction than the use of a central treatment system.

However, even though as a treatment technology POE devices may be capable of removal
efficiencies equal to those achieved with full scale systems, this treatment alternative has some
disadvantages. These include:

* Increased complexity of controlling treatment, monitoring, maintenance, and regulatory
oversight of the devices.

» Concern for possible bacterial colonization on the treatment devices.

» Potentia for high operation, monitoring, and maintenance costs.

» Standards have only been developed for alimited number of POE devices.

» Potential for radiation hazards at homes.

» Liability associated with failure of the devices.
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Responsibility for the use of POE devices rests with the public water system. The Safe
Drinking Water Act (SDWA), as amended in 1996, specifies that POE and POU treatment units
“shall be owned, controlled and maintained by the public water system or by aperson under contract
with the public water system to ensure proper operation and maintenance and compliance with the
maximum contaminant level or treatment technique and equipped with mechanical warnings to
ensure that customers are automatically notified of operational problems.” (SDWA, Section
1412(b)(4)(E)(i1))

Standards and a certification program for some POE devices have been developed by the
National Sanitation Foundation (NSF International). Initially prompted by State drinking water
administrators (and later by U.S. EPA), NSF began devel oping standardsand acertification program
for the contaminant reduction claims (both health and aesthetic) made by manufacturers. NSF is
currently working on standardsfor GAC POE devices. Manufacturers can submit their productsand

product information to NSF to apply for certification. (NSF, 1998)

The Water Quality Association has also developed a certification program, however, its
equipment assessments are not independent since it is a trade association for POE and POU
equipment manufacturers. Regulationsfor certifying POE devices have been developed by several
States. California only allows POE devices to be installed when other alternatives have been
evaluated and determined to be infeasible. (NRC, 1997)

2.1.1.6 Cone Aeration

Cone aerators consist of a stack of pans, with inverted cone-shaped protrusions extending
from the bottom of each pan. Water fills the top pan, then drains down through the inverted cones
to cascade down to the succeeding pan. Aswater flowsthrough theinverted cones (wider at thetop,
narrower at the bottom), it increasesin velocity and splashes down onto the pan below, generating
bubbles and greater contact with the air. A review of literature did not find any studies using cone

aerators for radon removal.
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2.1.1.7 Gas-Permeable Membrane Aeration

Gas-permeable membranes have the potential to achieve the highest removal efficiencies,
but their long-term performance has not been sufficiently eval uated to consider thistechnology more
than emerging. For this technology, water flows through tubes made of highly porous fiber
membranesthat allow gases but not liquidsto escape. The membranesprovideavery large areafor
air and water contact compared to other aeration systems of similar size and thus may prove to be
very efficient for removal of both semivolatileand volatile organic chemicals. (NRC, 1997) Atthis
point, no literature is available on the application of gas-permeable membrane aeration for radon

removal.

2.1.1.8 Air Sparging

Air spargingistheinjection of pressurized air into water reservoirsor directly intowel | water
or anaquifer. For reservoir sparging, air isinjected, under pressure, near the bottom of thereservoir,
creating air bubblesin thereservoir. Radon istransferred from the reservoir water to theair bubbles
and then carried to the surface by the air bubbles and released to the atmosphere. For aquifersand
wells, air is injected under pressure below the water table. The air bubbles, pushing in three
dimensionsthrough the soil column, carry radon into the vadose zone. From the vadose zone, radon

migrates to ground surface and continues its movement into the atmosphere.

Like air stripping and diffused bubble aeration, air sparging will volatilize radon. Radon
removal efficiency using air sparging varies and depends on the amount and pressure of the air
injected, reservoir or well column depth, surface areaof water in direct contact with the atmosphere,
and venting conditionsinthereservoir or well column. Design of anair sparging system may require
pilot tests to determine the radius of influence of the air sparging point(s) and the effectiveness of
the system. For reservoir sparging, design of the air sparging system requires knowledge about
reservoir venting, water inlet and outlet conditions, and mixing conditions. For aquifer sparging,

design of the air sparging system requires knowledge about the hydrogeology of the aquifer.

Some of the complications from air sparging include biological growth and precipitation of

metals, particularly in hard or iron and manganese-containing ground waters. Water sparged with
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air maintains high dissolved oxygen which enhances biological growth. Biological growth might
createwater quality problemsincluding theformation of simematerial and odor and col or problems.
Air sparging aso enhances precipitation of metals, which may cause pitting and corrosion of the
pump and motor. Moreover, pressurizing air and delivering pressurized air to water in wells,

aquifers, and reservoirs is energy demanding.

The application of air sparging to well ground water for radon removal has been limited.
Experimental trials have not been encouraging because of the problems mentioned above (Hess,
1998). A feasibility study of in-well aeration conducted by the North Penn Water Authority found
this treatment technology to have relatively low efficiency and identified severa disadvantages,
including causing the water to appear milky as aresult of dissolving large quantities of air into the
water (AWWA and ASCE, 1998).

2.1.2 Removal Efficiency and the Effect of Key Design Criteria

Reviewed studies on aeration technol ogies provide data on removal efficiencies for radon.
These dataare summarized in Table 2-3. Removalsfor packed tower aeration ranged from 78.6 to
greater than 99 percent, with most removals reported at 90 percent or greater. For the two diffused
bubble aeration facilities, removal efficiencies were 93 and 95 percent. Removal efficiencies for
multi-staged bubble aerators ranged from 71 to 100 percent. These studies showed wide variation
in removal efficienciesfor spray aerators, with removals ranging from 35 to 99 percent depending
on operating conditions. For tray aeration, the studies evaluated reported radon removals of 70 to
99 percent. POE systems using diffused bubble and multi-stage diffused bubble aerators
technol ogies achieved radon removals of 9210 99.9 percent. Spray aeratorsinstalled in homes have
shown radon removals of 82 to 93 percent.

Some of the additional findings from these studies are described briefly in the following

subsections.
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Table 2-3. Removal Efficiency Data for Aeration Technologies

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments

Packed Tower Aeration

AWWSC |1,700-2,700 VOCsaso Packed tower of 23-inch diameter, 16 feet | 93-98% for — Tested on water drawn from 1 well

(1989) analyzed high, packing depth — 10 feet; tower has | loadingrates [ — Similar removalsat all A:W ratios;
an orifice type water distributor, stainless | of 25.5 and 50 | — Packing height had greatest effect on
stedl knitted-mesh mist eliminator, gpm/sf and removals;
expanded aluminum support tray; packing | A:W ratiosof | — Strong correlation between concentration of
material of 2-inch polypropylene Jaeger 3:1,81,12:1, | CO,andradoninraw and treated water, so
tripacks; blower powered by gas engineto | 30:1 CO, could be asurrogate for testing radon
provide air volumes of up to 600 cubic removal;
feet per minute; can aerate water directly — Minima maintenance; several possible
from well pump or subsequent to a retrofitting options; lack of redundancy causes
treatment process service stoppage; aesthetics concerns

Drago NA NA Packed tower 79-99+% 11 systems evaluated

(1998) —910 9,000 gpm flow rate Compact system, but aesthetic concerns dueto
— 2.6 to 13 min detention time tall towers (some >25 ft)

Lenzo 1,500 NA Packed tower 90% Design recommendations for full-scale system

(1990) —450 gpm flow based on results of pilot test;
— 14 ft high, 5 ft diameter Packing bed depth is key factor in determining
— 0.5 blower horsepower removal efficiency

Lenzo 1,400 NA Packed tower 90% Design recommendations for full-scale system

(1990) — 350 gpm flow based on results of pilot test;
— 14 ft high, 5 ft diameter Packing bed depth is key factor in determining
—0.33 blower horsepower removal efficiency

Lenzo 3,000 25 Ug/L of Packed tower 95% Design recommendations for full-scale system

(1990) tetrachloro- — 450 gpm flow based on results of pilot test;

ethene (PCE) |—21fthigh, 5 ft diameter 96% remova | Packing bed depth is key factor in determining

—0.75 blower horsepower of PCE removal efficiency

Hodsdon | 1750 NA Packed tower 99+% System designed and installed for VOCs

(1993) — tower 33+ ft tall (effluent <15 | Avg daily consumption 87,000 gpd
— supply capacity 450 gpm pCi/L) Gas chlorination disinfection
— counter current flow

Hodsdon | 4,621 avg NA Packed tower 94.2% Avg daily consumption 150,000 gpd

(1993) (1,143-10,244) —supply capacity 365 gpm (effluent = 268 | Liquid disinfection
— concurrent flow pCi/L)
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Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments
Hodsdon | 9,000 NA Packed tower 99% Avg daily consumption 14,000 gpd
(1993) —supply capacity 75 gpm (effluent=90- | Chlorine hypochlorite disinfection
— counter current flow 100 pCi/L)
Hodsdon | 1,400 NA Packed tower 78.6% Avg daily consumption 46,000 gpd
(1993) —supply capacity 85 gpm (effluent=300 | Liquid chlorine disinfection
— counter current flow pCi/L) 3 bag filtersinstalled to remove precipitated
iron (result of radon retrofit)
Water passes through ion exchange unit before
tower to reduce iron and hardness
Hodsdon | 3,150-3,750 NA Packed tower 99+% Avg daily consumption 82,000 gpd
(1993) —supply capacity 150 gpm (effluent <15 | Gas chlorination disinfection
— 33 ft tower height pCi/L) Major retrofit to existing system
— counter current flow
Hodsdon | 2,200 NA Packed tower 86.4% Avg daily consumption 5700 gpd
(1993) —supply capacity 9 gpm (effluent =300 | Liquid chlorine
— counter current flow pCi/L) Retrofit for radon removal
2 bag filters remove precipitated iron after
tower
Water passes through ion exchange unit before
tower to reduce iron and hardness
Hodsdon |1,208-1,473 NA Packed tower 94% Avg daily consumption 240,000gpd
(1993) —supply capacity 400 gpm (effluent =83 | Chlorination
— concurrent flow pCi/L) Retrofit for CO2 removal
Hodsdon |1,575-1,790 NA Packed tower 89% Avg daily consumption 300,000-400,000 gpd
(1993) —supply capacity 450 gpm (effluent = 198 | Chlorination
— concurrent flow pCi/L) Mgajor retrofit for radon removal & storage —
new high lift station & clearwell
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Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments

Diffused-Bubble Aeration — Multi-Stage

AWWSC |1,700-2,700 VOCsalso Multi-stage bubble aeration system — 97-100% for | Tested on water drawn from 1 well;

(1989) analyzed diffused aeration system of rotomolded flows of 50 Strong correlation between concentration of
polyethylene, capable of treating 150 gpm at A:W CO2 and radon in the raw and treated water so
gpm; 6.5 ft long, 2 ft wide, 3 ft high; 5 ratios of CO, could be a surrogate for testing radon
stainless steel partitionsinside to achieve | 33.2:1, 22.2:1, | removal;

a staged-flow regime and 6 aerator 11.1:1 and 100 | minimal maintenance;
assemblies; can aerate water directly from | gpm at 16.6:1, | redundancy possible with standby blowers
well pump or subsequent to atreatment 11.1:3;
process 86% for flow
of 100 gpm at
551

Drago NA NA Multi-stage bubble aeration 71-99+% 8 systems evaluated

(1998) -12 to 1,200 gpm flow rate L ess compact than PTA
- 0.6 to 7.6 min detention

Lowry 2,000 NA Stripper Aeration Model PS25 (multi- 90% At A:W=10, effluent is 100 pCi/L (instead of

(1990) stage diffused bubble aerator) 200)

—11to 30 gpm flow rate
—1 module
—A:W of 6.7

Lowry 2,000 NA Stripper Aeration Model PS150 (multi- 90% At A:W=8, achieve effluent of 100 pCi/L

(1990) stage diffused bubble aerator) (instead of 200) up to 230 gpm
—31to 325 gpm flow
—1 module
—A:W of 5.7

Lowry 2,000 NA Stripper Aeration Model PS150 (multi- 90% For A:W <4.2, single PS150 can go up to 450

(1990) stage diffused bubble aerator) opm;

— 326 to 650 gpm flow For each additional modules, can get 200
—2 modules pCi/L for up to 325 gpm more
—A:W of 5.7

Wright 5,400+100 NA - Capacity of 350 gpm 97% Avg daily consumption 100,000 gpd

Pierce -A:W of 11.26 Sodium hypochlorite for disinfection

(1998)
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Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments
Wright 800+100 NA -Capacity of 450 gpm 89% Avg daily consumption 250,000 gpd
Pierce -A:W of 6.77 Sodium hypochlorite for disinfection
(1998)
Diffused-Bubble Aeration — Single Stage
Drago NA NA Diffused bubble aeration 93% 1 system evaluated
(1998) —79 gpm flow rate Significantly longer detention time than
— 60 min detention MSBA
Hodsdon | 20,000 NA Diffused aeration 95% Avg daily use 45,700 gpd
(1993) —supply capacity 60 gpm (effluent=1000 | Chlorination
— 3 clearwells, 2 w/diffusers supplied by a | pCi/L) Retrofit
single blower
Spray Aeration
Drago NA NA Spray aeration 88% 1 system evaluated
(1998) — 173 gpm flow rate (theoretical Low technology for moderate removal
based on VOC
removal data)
AWWSC | 1700-2700 VOCsaso Turbojet air stripping system 76% at 6:1 3 sets of tests on water drawn from 2 wells;
(1989) 3700-4600 anayzed — pressurized water stream enters A:W (effluent | orifices plugged by iron and iron carbonate
perpendicular to the main body of the unit | of 473 pCi/L); | compounds lowered removalson last 2 days of
while air enters at one end, causing 89% — for sampling
mixing of air and water and stripping A:W varied Varying the A:W ratio from 3:1to 17:1 only
from 3:1to had a marginal effect on radon removal (87%
—third trial evaluated removal efficiency | 17:1 (effluent | removal to 91% removal)
under four conditions: single pass of 203 pCi/L
through the Turbojet, multiple passes +40 pCi/L);
(water is circulated through the unit 68% — 1 pass
several times), remote mountings of @ A:W of
Turbojet (nondirect discharge into a 26.8:1,
collection vessel), decrease in flow rate 99% -4
withincreasein A:W to 27.4:1. passes,
35% —remote
mounting,
69% — 1 pass

AW 2741
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Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments
Slat Tray Aeration
Drago NA NA Slat tray aeration 86—94% 6 systems evaluated
(1998) — 365 to 450 gpm flow rate Less compact than PTA, but shorter towers
— 3.3 to 10 min detention
USEPA NA NA Slat tray aerators 77-91% Datafrom 3 sites
(1988) — 1 of 3 has a cascade aerator (80-819% for
—used for oxidation of iron and cascade
manganese aerator)
Brown 283+12 NA Induced draft tray aerator 89.8% @ A:W | Manufacturer noted that removals were higher
(1995) —auminum unit 1 ft, 9 in square, 14 ft of 3:1 than expected based on calculated val ues of
high 92.2% @ A:W | 65%
—internals: 10 ft of triangular PVC dats | of 4.5:1
on4in. vertica centers 91.9% @ A:W
—15to 150 gpm flow of 6:1
— 2,550 cfm capacity for 0.5 hp induced
draft blower
Brown 496+16 NA Forced draft tray aerator 93.8% Manufacturer noted that removals were higher
(1995) —auminum unit 8 in squareand 7 ft 2in. than expected based on calculated val ues of
high 65%
—internals: 7 ft of redwood slatson 2 in.
vertical centers
—0to5gpm flow
—A:W of 3:1
—forced draft blower of 1/30 hp with
capacity of 110 cfm @0.5 in and 30 cfm
@0.9 in static pressure
—17.5 gpm/sf loading rate
Shallow Tray Aeration
Hodsdon | 4,800 NA Shallow tray aeration® 95% Avg daily use 180,000gpd
(1993) —supply capacity 440 gpm (effluent =196 | Sodium hypochlorite disinfection
— 3 shallow tray system pCi/L) Put in w/new groundwater supply-pumping &
—air filtered before passing through separate clearwell added
water and is vented directly to outside air
after use




vZ-¢

666T fe N

Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments

Hodsdon | NA NA Shallow tray aeration® 99% Avg daily use 9,000 gpd

(1993) —supply capacity 12 gpm Chlorine disinfection
—air filtered before passing through water Part of new groundwater supply-pumping &
and is vented directly to outside air after separate clearwell added
use

Hodsdon | 550 avg NA Shallow tray aeration® 70% Avg daily use 3,000 gpd

(1993) (450-600) —supply capacity 25 gpm (effluent=160 | Sodium hypochlorite disinfection
—single treatment unit pCi/L) Part of new groundwater supply system
—air filtered before passing through water
and is vented directly to outside air after
use

Hodsdon | 2,194 avg NA Shallow tray aeration* 95% Avg daily use 5,400 gpd

(1993) (2,000-2,200) —supply capacity 39 gpm (effluent=108 | Sodium hypochlorite disinfection
—single treatment unit pCi/L) Part of new groundwater supply system
—air filtered before passing through water
and is vented directly to outside air after
use

Hodsdon | 5,200 avg NA Shallow tray aeration* 96% Avg daily use 250,000 gpd

(1993) (4,500-6,000) —supply capacity 375 gpm (effluent=200 | Sodium hypochlorite disinfection
— 3 shallow tray system pCi/L) Part of expanded groundwater supply
—air filtered before passing through water
and is vented directly to outside air after
use

Hodsdon | 8,810 NA Shallow tray aeration® 97% Avg daily use 2,500 gpd

(1993) —supply capacity 25 gpm (effluent=200 | No disinfection
—single treatment unit pCi/L) Part of new water supply
—system is8wide x 15' long and includes
awater softener (for manganese removal),
shallow tray aerator, polyethylene tank
used as a clearwell, high lift pumps, and
hydropneumatic tanks
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Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments
Hodsdon | 1,800 avg NA Shallow tray aeration® 91% Avg daily use 720,000 gpd
(1993) (1,600-2,000) —supply capacity 720 gpm (effluent=160 | Sodium hypochlorite disinfection
—4 shallow tray system pCi/L) Part of new groundwater supply
—air filtered before passing through water Pumping & separate clearwell added
and is vented directly to outside air after
use
Slatted Tray Tower Aeration
Hodsdon | 900 NA Slatted tray towers 92% Avg daily use 145,000gpd
(1993) — 2 redundant towers w/ total supply (effluent =75 | Gas chlorination disinfection
capacity of 800 gpm pCi/L) Towersinstalled to remove H,S
— counter current flow
—A:W of 50:1
—8'x8'x10' towers with redwood
horizontal dats (not packed media)
Hodsdon | 900 NA Slatted tray tower 67% Avg daily use 40,000 gpd
(1993) — supply capacity 435 gpm (effluent=298 | Liquid chlorine disinfection before stripper
— tower is specially built unit w/wooden pCi/L) Slat tower first put in for hydrogen sulfide
horizontal datsinstead of packed media removal
Cascade Aeration
Hodsdon | 1261 NA Cascade (splash) aeration 81% Avg daily use.7-1.0 mgd
(1993) —supply capacity 1,000 gpm (effluent=236 | Chlorination, polyphosphate, fluoride
—water cascades down a set of wood pCi/L) disinfection
stepsthat create a 1 ft drop Low technology
POE Aeration
Lowry et | 20,000-500,000 |[NA Multi-staged diffused bubble POE 92-99.9% 22 prototype systems installed and monitored
al. (1988) aeration system (Stripper model) 99.5-100% for
— 3 stages (compartments) in 1 module 0-10 gpm flow | Multiple modules can be used to achieve
(98% for tests | higher removals at greater flows
run @ flows
up to 20 gpm,
0.5 hp blower,
A:W of 15.7)




9¢-¢

666T fe N

Table 2-3. Removal Efficiency Data for Aeration Technologies (Continued)

apart

—A:W ratio = 156/1, water flow rate =
6.0gpm, air flow rate of 125cfm

Influent Radon | Source WQ System Design, Size, and Removal
Source Level (pCi/L) Parameters Other Design Parameters Efficiency Comments
Kinner et | 35,620+6,727 avg | NA POE diffused bubble aerator >99% Effluent < 200 pCi/L even when air flow rate
a. (22,837-54,765) — vessel with 3 compartmentsin series, restricted due to iron precipitation
(1993) each with an internal diffuser from a accumulated on diffusers
common header For very high concentrations, monitoring may
—.02 in diameter holes variably spaced be needed to seeif higher A:W (more dilution)
—A:W of 119/1 for water flow rate = 2.3 or treatment of off gasis needed
gpm and air flow rate =38 cfm Iron oxidation occurs readily — leads to
precipitation and release or gradual decreasein
air flow rate, so iron treatment probably
required
More expensive O& M than GAC, extra pump
needed for repressurization, blowers possibly
needed for ventilation (noise issue)
Kinner et | 35,620+6,727 avg | NA POE bubble-plate aerator >99% Problem with clogging of air intake filter for
al. (22,837-54,765) — 315cfm capacity blower to direct air blower
(1993) through .19in diameter holes spaced .75in For very high concentrations, monitoring may

be needed to seeif higher A:W (more dilution)
or treatment of off gasis needed

Iron oxidation occurs readily — leads to
precipitation and release or gradual decreasein
air flow rate, so iron treatment probably
required

More expensive O& M than GAC, extra pump
needed for repressurization, blowers possibly
needed for ventilation (noise issue)

For the Hodsdon (1993) study, shallow tray aerators were defined to consist of a shallow tray module with an aeration component of 18 to 30 in. depth. The module could have a
single aerator compartment or could be divided into as many as 6 stages.




2.1.2.1 Packed Tower Aeration

Packed tower aeration can achieve very high removals of radon ranging from 90 percent to
higher than 99.9 percent. The design parameters that affect the removal of radon include packing
height, A:W ratio, packing type, and loading rate. Systemsinstalling packed tower aeration should
also consider issuessuch aspretreatment, additional disinfection requirements, and pumpretrofitting
(discussed in Sections 2.1.3 and 2.1.4).

Effect of Packing Height—Packing height is the most critical design parameter for radon
removal (Dixon et a., 1991; Cummins, 1988). Dixon et a. (1991) suggest a minimum packing
height of 10 feet.

Effect of A:W Ratio—Theremoval of radonisnot very sensitiveto A:W ratio aslong asthe
ratio is sufficiently high. Typical A:W ratios for packed towers in drinking water treatment plants
rangefrom 30:1to 100:1 (AWWA and ASCE, 1998). Cummins (1988) noted radon removalsdrop
rapidly for A:W ratioslower than 2:1. Kinner et al. (1988) observed that radon removal efficiencies
weresimilar at A:W ratios of 5:1, 10:1, and 20:1, and were only slightly lower for an A:W ratio of
2:1, soincreasing the A:W ratio beyond therange of 2:1to 5:1 impacted removalsvery little. Kinner
et al. (1988) also noted that using an A:W ratio of 1:1 provided asignificantly lower removal. Dixon
et al. (1991) showed that radon removal isnot sensitiveto A:W ratio. Dixon et al. (1991) reported
radon removals greater than 93 percent for an A:W ratio of 3:1 and a packing height of 10 feet.
Based on Dixon et a. (1991), an A:W ratio of 5:1 should be sufficient for obtaining high radon
removals. Morerecent research on radon removal efficiencies showsthat radon removal issensitive
to the A:W ratio over a wider range of ratios than reported above. Spencer and Brown (1997)
showed that radon removals tend to level off at an A:W ratio of about 10:1, and that increasing the
A:W above 10:1 has minimal effect on radon removal. According to Spencer and Brown (1997),
thetheoretical A:W ratio necessary to remove morethan 90 percent of the radon from water isabout
5:1, whilethe practical A:W ratio is6.5:1 for 90-percent removal. An A:W ratio of 19:1 should be

sufficient to remove nearly 100 percent of the radon, as shown in Figures 2-1 and 2-2.
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Figure 2-1. Practical Radon Removal with Increasing Air:Water Ratio for PTA
(Source: Spencer and Brown, 1997)
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Figure 2-2. Theoretical Radon Removal with Increasing Air:Water Ratio for PTA
(Source: Spencer and Brown, 1997)
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Effect of Packing Type—Kinner et al. (1988) observed that radon removals with saddle
packing were sightly lower than removals achieved with pall rings; however, radon removalswere

above 90 percent with either packing type for asimilar packing height and A:W ratio.

Effect of Loading Rate—Dixon et a. (1991) reported high removals of radon at loading
rates of 50 gpm/sg ft. However, in order to prevent potential flooding, a loading rate of 25-30
gpm/sq ft may be a practical limitation.

Other Considerations—Other considerations such as pretreatment for iron and manganese
removal, additional disinfection requirements, and pump retrofitting are relevant to ground water
systems that currently do not have any treatment in place. These factors are discussed in Sections
213 and 2.1.4. In addition, if the treatment facilities are located indoors, dehumidification and
ventilation needs must be addressed.

2.1.2.2 Diffused Bubble Aeration

Diffused bubble aeration (DBA) can achieve very high removals of radon ranging from 71
to >99 percent, with removals often greater than 90 percent. The design parametersthat have been
studied for their effect on the removal of radon for this technology include the A:W ratio and flow
rate. Systemsinstalling DBA should also give consideration to pretreatment, disinfection, and pump

retrofitting requirements.

The removal of radon by MSBA does not vary significantly with A:W ratio and flow rate
(Dixon et a., 1991). A dlight increase in radon remova occurred by increasing A:W ratio or
decreasing the flow rate. According to Dixon et al. (1991), designs of MSBA permit a maximum
flow of 800 gpm for radon removal sgreater than 95 percent, and 1,800 gpm for removal sof lessthan
85 percent. Industry brochures claim treatment capacity of more than 1,000 gpm (Lowry
Engineering, 1989).
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2.1.2.3 Spray Aeration
Kinner et al. conducted pilot tests using spray aeration and reported the following removal
efficiencies (U.S. EPA, 1988), presented in Table 2-4.

Table 2-4. Radon Removal for Spray Aeration Pilot Tests

Percent Removal of Radon
Detention Time (hr) Decay Total
9 7 63-73
12 9 6265

Dixon et al. (1991) noted that variations in A:W ratio had a negligible effect on radon
removal efficiency. Dixon et a. achieved 77-percent radon removal rates using abaffled steel tank
withaflow of 70 gpm, an A:W ratio of 6:1, and adetention time of 20 minutes. For the same system
withaflow of 50 gpm, Dixon et a. achieved radon removal s of 83-91 percent for A:W ratiosranging
from 3:1to 17:1 (removal was 88 percent at A:W ratio of 6:1). Further investigation is needed to
assess how removal efficiency is affected by design parameters, including water drop size, spray

height, and ventilation.

2.1.2.4 Tray Aeration

Radon removalsacrosstray aeratorsat threedifferent plant sitesarereportedin a1987 report
by the American Water Works Service Company, Inc. Each of the plants use tray aerators for the
oxidation of iron and manganese, with one site using aslat tray cascade aerator. The radon removal
efficiencies of the aerators were between 77 and 91 percent. The site with the cascade aerator
achieved 80- to 81-percent radon removal (U.S. EPA, 1988).

Other studies have shown radon removals of 86 to 94 percent for dlat tray aeratorswith flow
rates of 365450 gpm and detention times ranging from 3.3—10 minutes (Drago, 1998). Brown
(1995) reported radon removals of 89.8 to 93.8 percent for two pilot test systems. One pilot system
contained an inducted draft aerator that wastested at A:W ratios ranging from 3:1to 6:1; the radon
removalswere similar for all three A:W ratios. The second system was aforced draft aerator with
an A:W ratio of 3:1 and a hydraulic loading rate of 17.5 gpm/sf (Brown, 1995).
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For shallow tray aerators, the key design parameters are residence time and A:W ratio.
Radon removals of 90 percent and higher are expected using a residence time of 30 to 60 seconds
and an A:W ratio between 5:1 and 15:1. (Hodsdon, 1993 draft)

2.1.2.5 Point of Entry Devices

Studies and pilot tests of POE systems have focused on diffused bubble and spray aeration
devices, since packed towers have generally been considered impractical for home use because of
their size and cost. Radon removals from 95 percent to more than 99 percent are reported for
diffused bubble aeration devicesinstalled at the point of entry to homes (Lowry et al., 1984; Kinner
etal., 1990; Kinner, et a., 1993). Kinner et a. (1993) notethat the diffused bubble and bubble plate
aerator POE units tested had high A:W ratios (which is common since POE units are generally
overdesigned) and therefore the units should handle changesin influent radon activity and the water
flow rate without a significant increase in effluent radon activity. For spray aeration systems

installed in homes and tested, radon removals have ranged from 82 to 93 percent (Rost, 1981).

2.1.2.6 Comparison of Technologies

Thereislittle difference between PTA and DBA in terms of radon removal. Both PTA and
DBA achieve high removals of radon and are available commercialy. Although shallow tray
aerators can achieve radon removals of greater than 90 percent, removals are generally lower than
those obtained from PTA and DBA. Themaintenancerequirementsfor both PTA and DBA arelow.
While DBA isfavored for aesthetic reasons, PTA isfavored for large flows for both practical and
economic considerations. MSBA isaso limited in treating larger flows. Dixon et a. (1991) and
industry brochures show an upper limit capacity of 800 to 1,000 gpm for currently available DBA
units based on practical considerations. Shallow tray aerators also offer aesthetic advantages since
they are compact. The units are generally modular, so they can generally be used with systems of

all sizes since multiple units can be used together to increase capacity.

The costs of PTA and MSBA are generally comparable for flows below 1 mgd, while the
process costs of MSBA are higher than PTA for larger flows (based on Cummins, 1992; Lowry,

1990). Construction, engineering, operationsand maintenance, and other indirect costs play amajor

2-31 May 1999



role in determining the feasibility of a treatment technology. Building costs for compact aerators,
likeMSBA, should be muchlower thanfor PTA. Other considerationssuch as pretreatment for iron
and manganese, disinfection, pump retrofitting, and obtaining air permits are site-specific and may
berequired for either technology. For tray aerators, copper sulfate or chlorine may need to be added
to control the growth of slime and algae on the trays.

2.1.3 Pretreatment
Some radon removal systems may require pretreatment, particularly treatment for iron and

manganese, to reduce operational problems associated with aeration.

2.1.3.1 Iron and Manganese
Iron (Fe) and manganese (Mn) in influent water can precipitate when a water supply is
aerated. Precipitation can foul packing in aeration units, thus decreasing the efficiency of these

jprocesses.

Existing ground water systemsthat will be required to reduce radon may not need additional
treatment for iron and manganese since water systems normally treat their water to reduce iron and
manganese levels below their secondary MCLs of 0.3 mg/L and 0.05 mg/L, respectively. Thisis
confirmed by the results of an analysisof NIRS data(WMA, 1992) which correlated the occurrence

of radon-222 with combined Fe and Mn levels. These results are summarized in Table 2-5.

Table 2-5. Correlation of Occurrence of Fe and Mn with Radon

Percentage of Systems with Combined Fe&Mn

Total No. of Systems with Rn-222 >300 pCi/L >0.3 mg/L >1 mg/L > 2.5 mg/L
347 14.7 35 0.3

As detailed in the subsequent sections, suggested treatment techniques that can be applied
to avoid fouling in aeration units depend on the concentrations of iron and manganesein theinfluent

water to aeration units, and are presented in Table 2-6.
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Table 2-6. Treatment Levels for Iron and Manganese

Combined Fe & Mn (mg/L) Suggested Treatment
<1 Addition of a Sequestrant
>1 Oxidation/filtration or greensand filtration

Sequestration

Sequestration is a treatment method by which iron and manganese are prevented from
causing objectional turbidity and color without actually removingiron or manganesefromthetreated
water. Typical sequestering agents are sodium silicate and polyphosphate and other phosphate-
containing compounds. Sequestrant chemicalsare normally used simultaneouly with chlorine. For
manganese-containing waters, polyphosphate is a more effective sequestrant than sodium silicate
(Robinson et a., 1990).

The Ten State Standards (the Standards) recommend the use of polyphosphates only when
iron, manganese, or acombination of both metals does not exceed 1 mg/L (GLUMRB, 1997). The
Standards also limit the use of polyphosphates to 10 mg/L as phosphate. Because phosphates may
enhance fouling of the distribution system, the Standards require a disinfectant residual in the
distribution network. The Standards aso require that polyphosphate stocks be disinfected and
maintain about 10 ppm of free chlorine residual for solutions with pH above 2. The Standards
strongly recommend the addition of chlorine or chlorine dioxide with or before the addition of the
sequestrant agent sodium silicate. Maintaining aresidual disinfectant in the distribution network is
a so strongly recommended by the Standardsto avoid biological breakdown of the sequestered iron
(GLUMRB, 1997).

States may have different limits for using sequestration. For example, in New Jersey
sequestering limits are 0.6 mg/L for iron and 0.1 mg/L for manganese (Dixon, 1999). At greater

concentrations of iron and manganese, removal treatment is required.

High doses of sequestrants (>2.5 mg/L) may causeturbidity particularly in very hard waters.
Kleuh and Robinson, as cited in Macolm Pirnie (1992), found that 1 mg/L of polyphosphate is
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sufficient to sequester iron (1-2 mg/L). However, the turbidity level in hard waters (100 mg/L
calcium hardness) treated with 2.5-10 mg/L of polyphosphate was above 1 NTU. Robinson and
Reed (1990), ascitedinMalcolm Pirnie (1992), reported that 1 mg/L iron can be sequestered without

excessive silicate dosage even when high levels of hardness are present.

Greensand Filtration

Greensand filtration consists of aconventional filter box using greensand instead of sand or
anthraciteastheprincipal filtration medium (U.S. EPA. 1993a). Manganese greensand filtration has
been successfully used for iron and manganese treatment for many years. Manganese greensand®
mediais prepared by treating glauconite’, a natural zeolite, with manganous sulfate and potassium
permanganate to coat the media with manganese oxide. This process gives the media adsorptive
characteristics, which allows for the removal of soluble materials through adsorption, as well as
filtration of insoluble materials (U.S. EPA, 1993a). The manganese oxide acts as a catalyst in the
filtration processto assist inthe compl ete oxidation of iron and manganese. Potassium permanganate
is typically added to water ahead of greensand filtration. This serves to oxidize contaminants to
insoluble forms for subsequent filtration, provides disinfection, and restores adsorptive capacity to
the media. Greensand filtration is particularly advantageous when using potassium permanganate
to oxidize iron and manganese. |If reasonable dosages of potassium permanganate are used,
greensandfiltration will removeany excess potassium permanganatefromwater, preventing pinkish

water from entering the distribution system (U.S. EPA, 1993a).

Iron and manganese are oxidized and converted to iron and manganese oxides before being
filtered out by the greensand media. The catalytic properties of the manganese greensand assist in
removing theiron and manganese. A short reaction time beforefiltrationisdesirableto avoid large
growth of particle sizewhich may clog the surface areaof thefilter media. To help prevent clogging
of the greensand media, the greensand can be capped with anthracite. This prevents microbial

growth on the greensand since organic matter is removed on the anthracite.

® greensand: asedimentary deposit consisting of glauconite mingled with sand and clay

" glauconite: iron potassium-silicate mineral
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The filters can be regenerated by two techniques, continuous regeneration and intermittent
regeneration. Intermittent regeneration intermittently passes potassium permanganate through the
greensand bed which usually requires about one hour. This includes washing and rinsing of the
media. Intermittent regeneration allows for a higher flow rate and longer runs between
regenerations. Intermittent regeneration is recommended when removal of only manganese or
manganese with a small amount of iron is needed (U.S. EPA, 19934). Continuous regeneration
involvesthe constant feeding of potassium permanganate solution and other oxidizing chemicalsto
theraw water ahead of thefilters. Thefiltersare periodically taken off linefor conventional washes
that require approximately 20 minutes. If excess potassium permanganateisfed ahead of thefilters,
the filter media will pick up the excess and minimize leakage into the effluent, up to a point.
Potassium permanganate breakthrough may occur. Continuous regeneration is recommended for
water where iron removal is the main objective with or without the presence of manganese (U.S.
EPA, 1993a).

For removal of iron and manganese, greensand filtration is very sensitiveto pH. When the
pH is lower than 7.1, deterioration of the bed occurs and the addition of a pH adjustor to the
incoming stream is required. When pH is between 7.5 and 9, optimum conditions occur and the
oxidation reaction with potassium permanganate is complete and rapid. Therate of reactionisvery
important asthis processisusually employed in installations with direct pumping where the contact
time is very short (i.e., from the well through the filters to the distribution system) (U.S. EPA,
1993a).

The entire process can be a closed process which does not require the water to be exposed
totheair. Maor components of the process include filtration with greensand backwash facilities,

and potassium permanganate feed systems.

2.1.3.2 Other Factors
In addition to Fe and Mn, other factors that can affect fouling of aerators are microbial
growth, pH, pE, and the hardness of thewater. A potential but generally labor-intensive alternative

to pretreatment is periodic replacement of packing, or cleaning of packing in aeration units (either
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by removing the packing for cleaning and replacing it with spare packing, or by cleaning the packing

in place with acid, chlorine, or pressure washing).

For hard water with a high CO, concentration, precipitation of calcium carbonate can occur
when aeration reduces the CO, concentration, also resulting in an increased pH level. Asstatedin
NRC (1998), “In astudy of the aeration units used for VOC treatment, the American Water Works
Association (1991) reported that the effect of CO, removal, with the greater stability of CaCO, at
the higher pH, negated the effect of the increased oxygen concentration in water. There was no
increase in the corrosivity of water.” NRC (1998) also reported that a very small water supply
system in Colorado found that removing radon through aeration eliminated the need to add lime to
prevent corrosion. In addition, a small system in New Hampshire experienced a decrease in
corrosivity and a reduction in the lead and copper measured in the drinking water as a result of
aeration. Although the effects of aeration can include decreased corrosivity of the water, it may not
eliminate the need to add corrosion inhibitors. (NRC, 1998)

2.1.4 Post Treatment
2.1.4.1 Disinfection Following Aeration

During the aeration process, atmospheric air isblown into thewater supply. Theair blowers
are equipped with influent screens to prevent any large particulate matter from entering the water
supply. However, airborne bacteria or viruses are usually introduced into the supply. For ground
water systems, thisislikely to bethe only contact with theair prior to the water reaching consumers.
The exposure of a clean ground water supply to air increases the risk of microbiological
contamination. In keeping with good engineering practice, ground water supplies that are aerated
should be disinfected, even if the ground water supply may otherwise be classified as naturally
disinfected. Based on thisapproach, if aground water system currently doesnot disinfect and it adds

aeration for radon removal, it would also need to install disinfection.
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TheTen State Standards (GLUMRB,1997) statethat thefollowing featuresbe provided when

water is subjected to aeration:

» Disinfection application points both ahead of and after the tower to control biological
growth.

» Disinfection and adequate contact time after the water has passed through the tower and
prior to the distribution system.

Methods for disinfection include:

* Chlorination

» Ultraviolet light treatment

* Ozonation

» Chloramine addition

» Chlorine dioxide addition

* Mixed oxidant addition (anodic disinfection)

These methods are described in the sections below.

The Ten State Standards (GLUMRB, 1997) do not specify minimum contact times for
disinfection, but specify that aerated water must receive chlorination as minimum additional
treatment. It isdifficult to estimate the extent of microbiological contamination that would result
dueto aeration. Insects such as chironomusfly may lay eggsin the stagnant portion of atray aerator
(U.S. EPA, 19914a). Also bacteriaand viruses may be introduced into the water through the blown
air. Asaconservative estimate, affected groundwater systems that would install aeration for radon
removal should provide adequate disinfection for 4-log (99.99%) inactivation of virus. Water
systems with little or no distribution network and with minimal likelihood of cross-contamination
do not need to provide residual disinfection. For other systemsthat need to install disinfection and

provide aresidual, UV and ozone should not be used.

Chlorination
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Chlorination, in gaseous, solid, and liquid-feed forms, is the most widely used disinfectant
at public water supplies (U.S. EPA, 1997). Chlorine can inactivate bacteria, giardia, and viruses.
The level of inactivation is determined by the chlorine contact time, pH, temperature, and free
chlorineresidual. Chlorinefeed systems can be either direct solution/dry chemical, gasto solution,
or direct gas injection. Direct solution or dry chemical feed systems use commercially-available
sodium or calcium hypochlorite to deliver the necessary chlorine dosage. Gasto solution systems
inject compressed chlorine gas from cylinders into feedwater to form a chlorine solution which is
then added to the process stream. Direct gas injection into the process stream is possible but is not

acommon procedure.

The size of the clearwell depends on the inactivation required, temperature, pH, chlorine
residual, and requirements for efficient pumping. The inactivation concentration time (CT)? value
from the Guidance Manual for Compliance With the Filtration and Disinfection Requirements for
Public Water Systems Using Surface Water Sources (U.S. EPA, 1991) for chlorine disinfection to
alevel of 4-1og (99.99%) inactivation of virus at atemperature of 10°C, and apH between 6 and 9,
iIs6 mg-min/L. Assuming achlorine dose of 1.5 mg/L, the contact time for this conservative case
is4 minutes. Assuming that the theoretical contact time is 70 percent of practical residence time
(due to inadequate mixing or short circuiting in the clearwell) the clearwell should be sized to
provide a contact time of about 5.7 minutes. For achlorine dose of 1 mg/L, the theoretical contact

time would be 6 minutes, so the practical contact time would need to be about 8.6 minutes.

For ground waters with low chlorine demand and a short distribution system, 3-log
inactivation of virusesmay be sufficient. A chlorinedoseof 1 mg/L and acontact time of 4 minutes,
at atemperature of 10°C, and apH rangeof 6to 9, will providethe needed CT value of 4 mg-min/L.
To account for short circuiting and inadequate mixing, a practical residence time of 5.7 minutesin
clearwell will be adequate for disinfection. On the basis of disinfection considerations alone,

systems would provide a theoretical residence time in the range of 5 to 10 minutes. The clearwell

8 CT isthe product of the residual disinfectant concentration in mg/L © and the disinfectant contact timein
minutes (T). Disinfectant contact time is the time needed for the water being treated to flow from the point of
disinfectant application to a point before or at the first customer during peak hourly flow (U.S. EPA, 1997).
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in aPTA system provides a theoretical residence time of about 14 minutes for very small systems
and 7 minutes for systems treating 1 mgd (U.S. EPA, 1984). Minor improvements to the PTA
clearwell, such as adding baffles, will improve mixing and disinfection conditions in the PTA

clearwell.

Ultraviolet Light Treatment

Ultraviolet light treatment in drinking water involvesthe direct exposure of thewater stream
to ultraviolet light. Exposure to the ultraviolet light damages nucleic acids and changes their mode
of actionin microorganisms, thus preventing microorganismsfrom propagating or remaining active.
Ultraviolet light is generated by striking an electric arc through mercury vapor. The inactivation of
microorganismsin drinking water by means of ultraviolet light is afunction of the intensity of the
radiation, proper wavelength, exposure time, water quality, flow rate, type and source of the
microorganisms (natural or culture), and the distance from the light source to the targeted
microorganisms. Theintensity is measured in milliwatts per square centimeter (mW/cm?) and time
is measured in seconds(s), resulting in a dose measurement in milliwatts-seconds per sgquare

centimeter (mMWs/cnm?).

At sufficient intensity and appropriate wavelength and exposure time, ultraviolet light isan
effectivedisinfection agent for drinking water. Since ultraviolet treatment ismore suitablefor clean
water sourceswith little suspended matter, water should be pretreated (e.g., for iron removal) before
reaching the ultraviolet disinfection unit (U.S. EPA, 1996). The scientific literature showsthat, in
genera, under laboratory conditions and using distilled water, a 3-log reduction of bacteria is
achieved using an ultraviolet light dose of 30 mWs/cm?, a4-log reduction of virusesis achieved at
adose of 50 mWs/cm?, and a minimum 3-log reduction of bacterial sporesis achieved at a dose of
60 mws/cm? (without a safety factor). Studies conducted on ground water show that a 4-log
reduction of bacteriophage MS-2 (a surrogate test organism) is achieved at about 90 mws/cm?
(Snicer et al. 1996 ascited in U.S. EPA, 1996). Based on their study of the practical experience of
ultraviolet disinfectioninthe Netherlands, Kruithof et a. (1992) recommended the use of ultraviolet
light (without use of a secondary disinfectant) for disinfecting drinking water from all sources of

water provided that two conditionsare met: (1) the water hasto below in biodegradable compounds
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so regrowth would not occur; and (2) the distribution network does not need any additional
protection (no biofilm growth is likely and no cross contamination is likely). For ground water

systems with little or no distribution network, UV disinfection isvery feasible.

Giventheinconsistent sensitivity of microorganismsto UV light and assuming asaf ety factor
of 1.5 for dose requirements, a dose of 90 mWs/cm? should produce a minimum 3-log reduction of
pathogenic (and indicator) microorganisms (bacteria and viruses) that are in ground waters. In
addition, adose of 140 mWs/cm? should produce aminimum of 4-log reduction of microorganisms

that are in ground water sources.

Ultraviolet systemscomeintwo types, closed and open, with closed systems more commonly
used in potable and sterile water applications and thus used in this analysis. The design and
operation of an ultraviol et system needsto consider equi pment operational factors(e.g., lamp output,
fouling of unit surfaces), water quality factors (e.g., microbia and chemical characteristics), and
hydraulic design elements (e.g., dispersion, flow rate). For small systems, multiple modular units
are recommended and should be easy to install and operate. To be effective, ultraviolet light
treatment must be applied after aeration. Information collected from case studies has shown that
generaly, ultraviolet systemsrequire little supervision and users are satisfied with the performance
of the equipment. For the case studies, the main factors cited for choosing ultraviolet technology
over traditional disinfection technologies include minimum service time, low operation and

mai ntenance costs, and the absence of achemical smell andtasteinfinished water (U.S. EPA, 1996).

Ozonation

Ozone is a powerful disinfectant and has been used primarily at large drinking water
treatment facilities, but is also applicable to small systems. Ozoneis generated on-site from air or
oxygen and introduced into water using masstransfer equipment. Ozonereactsquickly withorganic
and inorgani ¢ substances in the water and auto decomposes, so itsresidual is much less stable than
that of other disinfectants and dissipates rapidly. To prevent health risks, any excess dissolved or

entrained ozone must be destroyed or removed beforethewater entersthedistribution system. Every
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effort must be made to avoid exposure to plant personnel. This may require the use of a secondary
disinfectant. (U.S. EPA, 1993b).

Design criteria include ozone residual, competing ozone demands, and minimum contact
time. One study showed complete inactivation of bacteriophage MS-2 and Hepatitis A virusfor a
pH range of 6-10, temperature of 3-10"C, and ozone residuas of 0.3-2.0 mg/L. For ashort contact
timeof 5 seconds, inactivationsof >3.9-log to 6-1og occurred. Other studieshave showninactivation
of Giardia muris and enteroviruses of 3-log and 4-log removals, respectively, for 5 minutes contact
time and ozone residuals of 0.5-0.6 mg/L. (U.S. EPA, 1997)

Chloramine Addition

Chloramines are formed when chlorine is added to water containing anmonia and the
ammonia then reacts with hypochlorous acid. The three chloramine species that can form are
monochloramine, dichloramine, and trichloramine (or nitrogen trichloride). The amount of each
chloramine formed depends on pH, temperature, time, and the initial chlorine to ammonia ratio.
Some of the characteristicsof chloraminedisinfectionincludealong residual effect, low production
of disinfection byproducts, the need for careful management of the ratio of chlorine to ammoniato
prevent odor and taste problems and biological instability in the water, and longer inactivation
contact timesthan chlorine and ozone (since chloramines areless potent). Chloramines can be used
as aprimary disinfectant or as a secondary disinfectant, but their use as a primary disinfectant is
limited by the long contact times necessary for adequate disinfection. The longer inactivation time
translatesinto larger contact basinsthan thoserequired for chlorination, chlorinedioxide, ozonation,
or UV treatment. The CT value of 4-log removal of viruses using chloramine at 10°C is
1,491 mg-min/L (U.S. EPA, 1991). Information on the use of chloramination at small systemsis
limited. Theoretically, chlorination may be applicable to small systems. However, the relative
stability of chloramines and their long residual effect in distribution systems makes them effective

as a secondary disinfectant.
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Chlorine Dioxide Addition

Chlorine dioxide can be used as a primary disinfectant, but is not applicable as a secondary
disinfectant because its reactivity meansit is rapidly consumed and there is little or no residual in
the distribution system. Because of its instability and explosivity, chlorine dioxide cannot be
transported and must be generated at the application site, usually by chlorinating aqueous sodium
chlorite.

Since chlorine dioxide has more than 2.5 times the oxidizing capacity of chlorine, its CT
requirements for Giardia cysts are lower than the CT requirementsfor free chlorine. However, for
viral inactivation, chlorine dioxide has higher CT requirements than those for free chlorine. For 3-
log and 4-log inactivation of viruses at 10'C, CT valuesare 12.8 and 25.1 mg-min/L, respectively,
for pH between 6.0 and 9.0. CT values for the inactivation of viruses by chlorine dioxide are
affected by temperature, but areindependent of changesin pH over arange of 6.0t09.0 (U.S. EPA,
1993b).

As with chloramination, information on the use of chlorine dioxide disinfection at small
drinking water treatment facilities is limited. This is because chlorine dioxide is an expensive
technology requiring skilled labor, more careful handling than other forms of chlorine, and hashigh
monitoring requirements. In addition, the production of chlorite and chlorate (disinfection
byproducts or DBPs) can be problematic. Taste and odor can developif the chlorite reactswith free

chlorine used for residual disinfection.

Mixed Oxidant Addition (Anodic Disinfection)

For mixed-oxidant disinfection, a solution containing oxidants (mostly free chlorine, but it
may al so contain ozone, chlorinedioxide, hypochloriteion, and hypochlorousacid), isgenerated on-
site by sending an electric current through a continuous-flow salt solution. This multiple oxidant
solution isthen added to the water for treatment. Mixed-oxidant disinfection can be more effective
than a method using one oxidant since each oxidant provides different advantages. Advantages
include broader ranges of conditions where they are effective and different residual effects,
production of potentially fewer disinfection byproducts, and combination effects(the presence of one

disinfectant can makeanother moreeffective). Thismethod may beparticularly useful at siteswhere
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chemical supply is not reliable or where local codes do not permit the transportation of chlorine.
Some of the limitations of mixed-oxidant disinfection include the difficulty of determining the
relative ratios of each oxidant to include in the mixture, inability to significantly reduce color,
guestionablereliability for removing turbidity, and thelimited dataon the contact time necessary for
adequate disinfection. Although it is expected that mixed-oxidant disinfection requires a shorter
contact time than other technol ogies, EPA recommendsthat chlorine CT values be used until more
data specific to mixed-oxidant disinfection are available. (Mixed oxidants have been used for
disinfection and other full scale water treatment applicants.) Resultsfrom laboratory and pilot tests
indicate that mixed-oxidant disinfection can achieve 3-log to 6-log inactivation for parasitic
microorganisms at four hours contact time and 5 ppm residual, and 3-log to 4-log inactivation for
Giardia (U.S. EPA, 1997).

2.1.4.2 Water Pump Modifications

When a ground water system installs a process that is open to the atmosphere, pumping
modifications and additions may be necessary. Existing ground water systems normally provide
minimal treatment—usually only disinfection—before pumping directly under pressure to the
distribution system. If aprocess open to the atmosphere, such as aeration, isinstalled, the affected
water system hasthe following options. (A) throttle existing well pumps; (B) restage existing well
pumps, and © replace existing well pumpswith pumps providing alower head. Inany case, finished
water pumping will be needed to boost the pressure before distribution since most aeration
technol ogies need to be operated at atmospheric pressure for radon to be released to the air. Some
small water systems that choose to replace well pumps could use the old well pumps for pumping
from the clearwell to the distribution system. Therefore, processes such as aeration will need both

raw and finished water pumping, but often do not require more than one additional pump.

2.1.5 Off-Gas Emissions
2.1.5.1 Worker Radiation Exposure

Personnel in water treatment facilities that use PTA or other aeration techniques for radon
removal may be exposed to higher-than-background radiation levels. This is because radon is
heavier than air and can build up in areaswith stagnant air or in poorly ventilated facilitiesthat house
PTA or open DBA treatment units. Water treatment facilities should set work practices and
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monitoring to attain exposure levels aslow as reasonably achievable in the work place (U.S. EPA,
1994). For example, areasimmediately surrounding or immediately downwind of aPTA should be
well-ventilated. Additionally, the water treatment plant buildings and areas where workers spend

their time should be adequately ventilated all year round.

2.1.5.2 Air Emissions

Off-gasisnot expected to be aregulatory or engineering concern for typical systems. There
areno Federal regulationsfor off-gas emissions of radon from drinking water treatment plants. One
source in the reviewed literature (Martin and Myers, 1992) cited a California State emissions
standard for radon, but personnel at the California Department of Health Services (DOHS) said that
California has no radon emission standards for water treatment facilities (Quinton, 1998). Martin
and Myers (1992) stated that DOHS regulates the discharge of radionuclides and has a radon
discharge standard that setsa 3 pCi/L concentration limit for radon “ at the boundary of the controlled
ared’ (CaiforniaDOHSRegulations, Title 17, Section 30269). Using modeling, Martinsconcluded
that compliance with a3 pCi/L standard was not difficult to attain. For water with an influent radon
concentration of 350 pCi/L and aeration treatment at an A:W ratio of 20:1, the stack discharge is
estimated at 17.5 pCi/L. EPA’s SCREEN model (which uses highly conservative default
meteorology) predicts that this discharge at 60 ft above ground would dilute radon to less than 0.01
pCi/L at ground level (Martin and Myers, 1992).

No other potential Stateregulationssetting limitsfor radon off-gasemissionswereidentified.
TheTechnology Transfer Handbook: Management of Water Treatment Plant Residuals (U.S. EPA,
1996a) notes that some States have treatment requirements for radon off-gas and some States limit
gas phase emissions from stripping processes and reactivation systems using GAC, but States are
not identified and requirements are not given. In some cases, local and/or State restrictions could
pose extraengineering or permitting requirements. Radon off-gasemissionsregulationswere being
considered by the South Coast Air Quality Management District (SCAQMD) of Californiain 1991,
but their development has been hindered by the unavailability of a unit risk factor for radon

concentrations in ambient air (Balagopalan, 1998).
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Although a human health risk may be created by radon emissions from aerators treating
drinking water, thisrisk is far less (about 2 to 4 orders of magnitude smaller) than the risks from
radon in homes due to untreated drinking water (U.S. EPA, 1994; U.S. EPA, 1993). In addition, by
considering the location of off-gas emissions sources (e.g., on aroof) when designing an aeration
system, therisks posed by human contact with these emissionscan beminimized (U.S. EPA, 1993).

In afield evaluation of packed tower aeration using a 1-ft diameter stainless steel packed
tower with 12 ft of plastic media packing, Kinner et al. (1990) reported off-gas emissions ranging
from 2,410 to 21,200 pCi/L, which is 4 to 5 orders of magnitude higher than the average outdoor
level of radon (0.2 pCi/L). The study used A:W ratios varying from 20:1 to 1:1 and water flow
conditions of half and full. Kinner et al. (1990) noted that although the fate of the plume was not
studied, it can likely be sufficiently diluted by proper venting (e.g., constructing the release point
high enough off the ground). I1n an associated study using adiffused bubble aeration system, Kinner
et a. (1990) found that the off-gasradon activity increased (4,167 to 18,600 pCi/L) asthe A:W ratio
decreased (less dilution), similar to findings with the packed tower system.

2.1.6 Treatability/Case Studies
2.1.6.1 Packed-Tower Aeration
PTA Blairsville, Georgia
EPA-TSD conducted afield evaluation of radon removal by packed tower aeration from a

ground water supply in Blairsville, GA (Cummins, 1988). The key design parameters were as

follows:
Diameter 2 feet
Tower Height 24 feet
Packing Height 18 feet
Packing Type 1" plastic saddles

A:W RatioRange  0.05:1to 15:1
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The influent radon concentrations ranged from 4,000 to 6,200 pCi/L. Eight different runs
were conducted with different air-to-water ratios. A profile of radon removal with packing height

was obtained by sampling at different heights on the column.
The following observations were made:
* Radon removal ranged from 99.84 percent for an A:W ratio of 15:1 to only 17 percent
for an A:W ratio of 0.05:1.
e The mass transfer coefficient decreased from 0.0225 sec* at an A:W ratio of 15:1, to

0.0027 sect at an A:W ratio of 0.05:1.

Dixon and Lee Case Studies
Dixon and Lee (1988) performed studies for the removal of radon from ground water by

packed-tower aeration. The key design parameters for the packed tower were as follows:

Diameter 4.5 feet
Tower Height 16 feet
Packing Height 14 feet
A:W Ratio 50:1

Although this column was originally designed to remove 70 percent of the VOCs present in the
source water, the column removed greater than 95 percent of the radon present as shown in

Table 2-7.
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Table 2-7. Packed-Tower Aeration

Mean Radon
Concentration
Run Type of Sample pCi/L Reduction Percent

1 Raw water 783 97
Aerator effluent 20

2 Raw water 649 97
Aerator effluent 21

3 Raw water 646 %
Aerator effluent 24

4 Raw water 646 o5
Aerator effluent 34

Kinner et al. Pilot Studies

Kinner et al. (1988) performed pilot scale studies for the removal of radon from water by
packed tower aeration. The stainless steel packed tower aerator was 18 feet in height and 1 foot in
diameter. Glitsch mini-rings and saddles, and Koch pall rings packing media were tested. The
overall packing height was 12.3 feet for both of the Glitsch mediaand 11.8 feet for the Koch media.
Several runswere conducted at various A:W ratios, high flow rates between 4.25 and 17 gpm, and
low flow rates between 0.1 and 7 gpm. The packed tower removed 97 to 99 percent when mini or
pall rings mediawere used, and 90 to 94 percent when saddleswere used. Temperature changes had
little effect on radon removal efficiencies.

Dixon et al. Case Study in Pennsylvania
Packed-tower aeration was one of three aeration technologies evaluated for the removal of
radon from a ground water supply in Pennsylvania (Dixon et al., 1991). The design and operating

parameters of the packed tower were as follows:

Diameter 23 inches

Tower Height 16 feet

Packing Height 10 feet

Packing Type 2" Polypropylene Tripacks
Loading Rates 50 and 25.5 gpm/sq ft
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A:W Ratios 3:1,8:1,12:1, and 30:1
The influent radon levels ranged from 1,700 to 2,700 pCi/L. Removal of radon ranged

between 93 and 98 percent. The following observations were made from the study:

* Removalsof radon were sensitiveto packing height. Theincreasein removal efficiency
by increasing packing height from 5 to 10 feet ranged from 17 to 22 percent at aloading
rate of 50 gpm/sf, and from 14 to 16 percent at aloading rate of 25.5 gpm/sf.

* Removals of radon were insensitive to the A:W ratios tested in the study. The removal
efficienciesradon ranged from 93 to 98 percent for A:W ratiosranging from 3:1to 30:1,
with a packing height of 10 feet.

* The removals were marginaly improved (1- to 4-percent increase in removal) by
decreasing the loading rate from 50 gpm/sf to 25.5 gpm/sf.

» A strong correlation was noted between the concentrations of carbon dioxide and radon
in raw and treated water. Carbon dioxide was suggested as a potential surrogate
parameter for ng radon removal efficiency.

Hodsdon Case Studies

Data collected by A.E. Hodsdon (Hodsdon, 1993 draft) as part of a unpublished survey for
the American Water Works Association (AWWA) showed removal efficienciesranging from 78.6
percent to more than 99 percent for packed tower aerators, with three of the facilities reporting 99
percent or greater radon removals. The survey included eight operating packed tower aerators at
drinking water treatment facilities of various sizes (supply capacities ranging from 9450 gpm) in
Wisconsin (3 sites), Pennsylvaniaand New Hampshire (2 siteseach), and Colorado (1 site). Influent
and effluent radon concentrationsvaried from 1,208 t0 9,000 pCi/L and <15-300 pCi/L, respectively.
The draft survey report did not provide information on air:water ratios or most tower heights (the
two tower heights noted were both 33 feet). Five packed towers had counter current flow and three
had concurrent flow, though this did not appear to be a significant factor. All of the facilities
provided disinfection but did not install it as a result of radon treatment. Two facilities have ion
exchange units before thetower to reduceiron and hardness and had this pretreatment in place prior
to installing radon removal equipment, but indicated that they installed post-tower bag filters to

remove precipitated iron as aresult of adding radon treatment.
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Valley County Water District
Secondary Effects of Packed Tower Aeration

TheValley County Water District (VCWD) of San Gabriel Valley, California, provideswater
tothecity of Baldwin Park and aportion of Irwindale about 30 mileseast of LosAngeles. Thewater
is drawn from ground water sources at 10 wells. A monitoring program revealed the presence of
trichloroethylene (TCE) at levelsgreater than 1 mg/L. Sincetheselevelsexceeded action levelsfor
TCE that were established by the State and would lead to the shutdown of wells, VCWD began
evaluating the potential use of a packed tower aeration system and the secondary effects of aeration
(Umphres and Van Wagner, 1986). The study covered severa phases (pilot study; design,
construction, and monitoring of the full-scale packed tower aeration facility) and examined the
secondary effects of mineral scaling, corrosivity, microbiological quality, equipment noise, air
pollution, and water particulates. Observations are reported below for each of these secondary
effects evaluated.

Mineral Scaling—Cal cium carbonate scaling occurred in the lower part of the tower andin
pump casings downstream of the PTA. A dose of 1 mg/l of hexametaphosphate added to the aerator
influent prevented further scaling.

Corrosivity—Copper corrosion rates were not influenced by aeration, while mild steel

corrosion rates decreased dlightly.

Microbiological Quality—Without chlorination of the PTA influent, standard plate counts
of the effluent were higher than the influent. This suggests that microorganisms were growing in

the oxygen-rich tower or were scrubbed from the influent air.

Equipment Noise—Instantaneous noise levels were measured with a Columbia Research
Laboratory Model SPL-103 Sound Pressure Level meter. “A scale” readings taken indicated that
the blower contributed littleto the base noiselevel for the areaeither during working hoursor onthe
weekend. Noiselevels of the centrifugal blower were well below OSHA standards and dropped to
background levels 100 feet from the aerator.
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Air Pollution—Computer modeling of theair emissionsfromtheaerator prior tothedetailed
design indicated that ground level concentrations of organics as a result of aeration would be
insignificant. Air sampleswere analyzed upwind and downwind of the aerator to check thefindings
of themodel. At adetection level of 1 ppb (about 5.8 pg/L for TCE), TCE was not detected in any
of the samples. Since 1 ppb (which was the standard detection level for that analyses) is
considerably higher than the 21.8 ppt TCE predicted by the model, model estimates could not be
fully verified.

The potential impact of ambient air concentrations of volatile organics on the pilot tower
performance was examined. As the concentration of the volatile organics in the influent air
increased, thedriving forcefor transfer from water to air diminished. Inthe extreme case wherethe
concentration in air is high enough and concentration in water is low enough, the aerator would

function as an air scrubber by transferring the contaminant back into the water.

Water Particulates—Air stripping removal efficiency was increased by improving the
distribution of water onto the packing and by adding packing to compensate for packing that settled
asaresult of start-up. Accumulated residue at the blower inlet indicated that dust and particulates
wereentrained into the PTA. Particle countsand turbiditiesdid not increase significantly asaresult

of packed tower aeration.

Overall Conclusions of the VCWD Study—The impact of packed tower aeration on
particulates, microbiological contaminants, and scaling issite dependent. Aeration facilitiesshould
be provided with the capability to feed chlorine to the influent and/or effluent to reduce the impact
of microbiological growth. The water quality of a potential aerator site should be reviewed with
respect to scaling. Asaminimum, the design of the facility should provide for future installation of

achemical feed system to prevent scaling.

2.1.6.2 Diffused-Bubble Aeration
Lowry et al. Pilot Studies
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Lowry et al. (1984) performed pil ot scal e shallow depth diffused aeration studiesina120-gal
(454-L) vessel. The aerator consisted of a series of fine bubble ceramic stones that achieved a
practical aeration pattern. The process had a 60-minute aeration period and an aeration rate of 50
scfh (1,400 L/h), which provided an A:W ratio of 3:1. The unit was operated for 3 days with an
average influent radon concentration of 76,000 pCi/L. The average effluent concentration was

4,900 pCi/L corresponding to a 93.6-percent removal.

Deep Tank DBA Belstone, England

A deep-tank diffused aeration system wasinstalled in Belstone, England (Rafferty, 1983) to
remove radon from awater supply with a capacity of 2.5 mgd. The water supply contained 10,000
pCi/L of radon. Designed and constructed in the early 1960s, the treatment facility consisted of an
aeration tank that was divided into two parallel compartments Each compartment was 70 feet long
by 10 feet wide and was equipped with aweir at each end to provide a4-foot depth of water. The
tank was equipped with 2,800 diffusers, each designed to diffuse air at arate not to exceed 0.8 cubic
feed per minute (cfm). Air was supplied by two of four 30-hp blowers, each capable of providing
1,125 cfmof air. At the design water flow rate of 2.5 mgd and air flow rate of 2,250 cfm, the plant
operated with a24-minute detention timeand an A:W ratio of 8:1. Thistreatment resultedinalong

term radon removal rate of 97 percent.

Shallow Depth DBA Kinner et al. Case Study

Kinner et al. (1988) installed a shallow-depth diffused-bubbl e aeration system that consisted
of three 270-gallon polyethylene tanks connected in series. Water flowed through each tank at a
flow rate of approximately 9,960 gpd with an influent radon concentration of approximately 77,500
pCi/L. Air was provided through the spiral tube diffusersthat contained holes of .0015 in. diameter
and were placed 14 in. above the bottom of thetanks. The system wastested at A:W ratios ranging
from 2:1 to 15:1 and two water flow rates (12 gpm and 27-33 gpm). At A:W ratios of 5:1 and
greater (at both flow rates), the diffused bubbl e system obtai ned 91- to 99-percent radon removal and
effluent levels ranged between 700 and 6,542 pCi/L.

MSBA Dixon et al. Case Study in Pennsylvania
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Multi-stage diffused-bubbl e aeration was one of three aeration technol ogieseval uated for the
removal of radon from a ground water supply in Pennsylvania (Dixon et a., 1991). The relevant

design and operating parameters were as follows:

No. of Stages 6
Flow Rates 50 gpm, 100 gpm
A:W Ratio 16.6:1, 11.1:1, 5.5:1 for 100 gpm

33.2:1,22.2:1, 11.1:1 for 50 gpm

The influent radon concentration ranged from 1700 to 2700 pCi/L. The removals ranged
from 97 to 100 percent, except for one run conducted with A:W ratio of 5.5:1 which achieved 86-
percent removal. Neither flow rate nor A:W ratios (at or above 11.1:1) had a significant effect on

removal efficiency.

2.1.6.3 Spray Aeration
Jet Aeration Case Study, Pennsylvania

Spray jet aeration was one of three aeration technol ogies evaluated for the removal of radon
from aground water supply in Pennsylvania (Dixon et a., 1991). Well water was pumped through
aspray jet unit into a baffled steel tank with a detention time of 20 minutes. A series of tests were
conducted to study the effect of air-to-water ratio, number of passes, remote mounting of the unit
(attaching a 50-ft hose to the discharge end of the unit), and flow rate on the removal of radon. The

following observations were made:

* The variation in the air-to-water ratio had only a margina effect on radon removal
efficiency. Radon removal of 87 percent was achieved at an A:W of 3:1, and different
runs at A:W ratios of 6:1 to 17:1 achieved radon removals in the range of 83 to 91
percent.

* Theremoval of radon improved with increasein number of passes. Radon removal was
68-74 percent for asingle pass and increased to 99 percent for four passes.

» Removal efficiency decreased significantly dueto back pressure when the spray jet was
remote mounted.
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2.1.6.4 Slat or Cascade Tray Aeration
Shallow Tray Air Stripper, New Boston, New Hampshire

North East Environmental Products, Inc. installed a pilot air stripper with a 24x16 ft
footprint at the New Boston Air Force Station, New Hampshire (Alexant, 1995). The design flow
through rate for the air stripper was 80 gpm. The system included a 600 cfm air blower and four
aeration trays. The unit was expected to achieve 99.9% radon removal; for a projected maximum
influent radon concentration of 76,000 pCi/L, treated water projected concentrations would be 300
pCi/L or less. The A:W ratio was 56:1. Analyses done during trial operation of the pilot system
showed removal s greater than 99% (influent radon of 93,593 pCi/L and effluent values of 144, 138,
and <100 pCi/L).

Wooden Slat Tray Aeration

Smith et a. (1961) evaluated the performance of awooden dlat tray aeration system for radon
removal, although the aeration system had not initially beeninstalled for radon removal. The height
of the aerator and the water and air flow rates were not reported. The average influent radon
concentration was 6,780 pCi/L. The dat tray aerator achieved an average removal of 71 percent,
with the treated water having a radon concentration of 1,950 pCi/L.

Cascade Tray Aeration
Dixon and Lee (1988) studied the effect of cascade tray aeration on radon removal at three
sites. Details of the setup were not provided. The cascade tray aerator removed greater than 75

percent of the radon as shown in Table 2-8.
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Table 2-8. Cascade Tray Aerator

Mean Radon
Concentration Percent
Site Run Type of Sample pCi/L Removal
1 1 West aerator influent 327 85
West aerator effluent 50
1 1 East aerator influent 342 89
East aerator effluent 37
Raw water 465
1 1 Effluent 108 ”
Raw water 521
2 2 Effluent 46 91
Influent 269
3 1 Effluent 54 80
Influent 260
3 2 Effluent 50 81

2.1.6.5 Point of Entry (POE) Devices
Several prototype home diffused-bubble aeration and spray aeration treatment devices have
been field tested. These studies are described below.

Kinner et al. POE Diffused-Bubble and Bubble-Plate Case Study in Derry, NH

Kinner et a. (1993) evaluated the performance of diffused-bubble and bubble-plate aerators
in POE applications. The study investigated radon removal efficiencies, potentia problems (e.g.,
emissions and equipment malfunctions), and economic issues. The aeration deviceswereinstalled
inside the pump house at an abandoned groundwater well in Derry, N.H. Radon activity in the
influent ranged from 22,837 pCi/L to 54,765 pCi/L, with an average of 35,620 + 6,727 pCi/L. The
diffused-bubble device contai ned three compartments (each 24-cmlong x 40-cmwide % 40-cm high)
in series. Each compartment had an internal diffuser, with al diffusersfed from one header. The
diffusers had variably spaced holes of 0.51-mm diameter, producing relatively small bubbles to
provide alarger surface areafor gastransfer. A 38-cfm capacity blower was used for the air feed
and awater flow rate of 2.3 gpm was used to provide an A:W ratio of approximately 119:1. The
system consistently achieved radon removals higher than 99 percent (effluent radon < 200 pCi/L),

even during periods of restricted air flow due to accumulated iron precipitation on the diffusers.
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The bubble-plate unit was contained in amolded plastic casing (60-cm long x 38-cm wide
x 23-cm high) with a10-cm diameter PV C vent pipe. A 0.95-cm spiral diffuser fed water intoa7.6-
cm wide polyethylene channel containing 4.8-mm diameter holes along the bottom, spaced 1.9 cm
apart. Air wasfed inthrough these holes, causing the influent water to risesupto 17 cm. At theend
of the polyethylene channel, the treated water flowed over aweir and into a holding tank. With an
air flow rate of 125 cfm and awater flow rate of 6.0 gpm, the unit had an A:W ratio of 156:1. The
bubble-plate aerator generally achieved radon removals of more than 99 percent, but did have
diminished effluent quality on afew occasions, particularly when therewere problemswith clogging

of the blower’s air intake filter.

Kinner et a. noted that pretreatment for iron would probably be needed since iron oxidation
occurred readily in both aeration units, causing iron precipitate to accumulate in the diffusers
(decreasing air flow rates) or to be released in pulses when the units were started. The study found
that the plume from the off-gas emissionsis diluted fairly rapidly, but venting should be set above
the roof line to keep radon gas from entering the home. Treatment of off-gas emissions could be

necessary in States where the emissions are regulated.

Lowry et al. POE Diffused Aeration Field Study

Lowry et al. (1984) tested a home diffused aeration unit during a field study. The basic
components of the system were an aeration tank, afine bubble diffuser, aliquid level pump control,
and a timer-controlled air supply. A shallow well pump was provided to repressurize the treated
water after aeration at atmospheric pressure. The diffuser was a composite of eight one-inch
spherical ceramic porous diffusers made of fused crystalline alumina grains which were arranged
uniformly within a 12-inch diameter area. The blower supplied an air flow rate of 30 scf/h to
providean A:W ratio of 3.4:1. The system reduced theinfluent concentration of radon from 50,000
pCi/L to an average 2,500 pCi/L in the treated water.

Kinner et al. POE Shallow Diffused-Bubble Pilot Study
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Kinner et al. (1990a) conducted pil ot scale studiesfor theremoval of radon by shallow-depth
diffused-bubble aeration applied at the point of entry to ahome water system. Influent radon levels
ranged between 22,900 and 54,800 pCi/L with an average of 35,700 pCi/L. The unit consisted of
three aeration tanks (46 cm long, 40 cm wide, 24 cm deep). Each tank was fed by an interva
diffuser from acommon header. A 56-cfm capacity blower was used for the air feed to provide an

A:W ratio of 119:1. The system achieved consistent radon removals higher than 99 percent.

Rost Spray Aeration POE Case Studies

Rost (1981) evaluated the performance of a spray aeration system built and tested in
Hallowell, Maine by the Department of Human Resources. Theunit wasinstalled in aprivate home
during the spring of 1981 and tested for a period of 4 months. The unit consisted of two atomizing
spray headsand a50 gallon receiving tank. The system provided 12 minutesof recircul ation through
the spray aerator prior to use. Influent radon concentrations ranged from 44,000 to 63,000 pCi/L.
The process produced water with an effluent radon concentration ranging between 2,460 and 7,600

pCi/L, for an average removal of 93 percent.

Aspart of the same study (Rost, 1981), aseparate spray aeration unit wasinstalledinasingle
family house and operated for 1 month. This unit consisted of a stainless steel tank with two
separate compartments of equal size, each with acapacity of approximately 100 gallons. Theliquid
volume in the first and second compartments was 30 and 60 gallons, respectively, to allow for air
gpace. The raw water was introduced into the first compartment as a horizontal spray which
impacted onto the vertical wall separating the compartments. A half horsepower pump, with its
suction near the bottom of the first compartment, sprayed the water through a similar nozzle
arrangement into the second compartment. The water was then pumped into the pressure tank for

use in the home' s water system as needed. The results of the study are summarized below:

Average Influent Radon Concentration 22,380 pCi/L
Effluent Concentration After 1st Spray 5,460 pCi/L
Effluent Concentration After 2nd Spray 2,290 pCi/L
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Average Overall Removal 82 percent

After 20 days of operation, the unit was drained and thoroughly vented by blowing air
through the system. Theradon removal then increased from 82 to 87 percent for aperiod of 1 week.
It was hypothesized that since radon is heavier than air, it was lying above the water surfacein the
two chambersand radon would re-enter the aerated water again asthe spray passed through the layer
of radon. A suction tree was substituted for the nozzle arrangement in Tank 2 for 1 day, with less
effective results. The chamber removal efficiencies dropped first to 67 percent then to 47 percent

and finally to 14 percent.

2.2 LOW-TECHNOLOGY AERATION METHODS
2.2.1 Process Description

Several low-technology aeration alternativesareavailable. Thesetechnologiesprovidesome
transfer between air and water. They include free-fall aeration, spray aeration and bubble aeration
(both using simple devices), Venturi aeration, and mechanical surface aeration. These low-
technology methods, however, will only providelow removals (relative to the aeration technologies
discussed in Section 2.1). Therefore, for waters with high levels of radon, achieving the removals

necessary to meet regquirements might not be feasible with these methods.

Although several low technology radon treatment processes have achieved some degree of
removal the following barriers might limit the implementation of any of these technologiesin full-

scale treatment:

» Existing storagetanks may not provide adequate headroom and ventilationto prevent the
accumulation of a gaseous layer of radon, which can re-enter the aerated water.

» Existing pumpsdesigned to dischargeinto an atmospheric clearwel | would beinadequate
to pump against the additional head imposed by distribution manifold piping and aspray
nozzle system.

» Modifications to storage facilities may interrupt service.
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* The capacity of existing storage tanks will probably be insufficient to provide the
necessary detention time to reduce radon concentrations to acceptable levels if high
influent levels are present.

» Asstated earlier, these systemswill probably not achieve removalsthat are sufficient to
attain desired water qualities, if influent levels are extremely high.

* Rechlorination may be necessary after storage to provide aresidual in the distribution
system.

As with other aeration systems, off-gas emissions, iron and manganese precipitation, and
corrosion control issues can be concerns and need to be addressed before implementing low

technology aeration treatment systems.

2.2.1.1 Free-Fall Aeration
Free-fall aeration involves the flow of contaminated water over aweir or similar structure
to provide afree-fall effect into astoragetank. Thisenhancesthe transfer of contaminantsinto the

atmosphere due to the increased surface area exposed to the atmosphere and additional turbulence.

Onetypeof free-fall aeration iscascade aeration, where water flows down over aset of steps
or bafflesthat increase the time the water is exposed to air and the area-volumeratio. The simplest
structures are basic sets of concrete steps, where the greater the number of steps the longer the
exposure time. Baffles produce turbulence and can be used to increase the area-volume ratio.
Limitationsassociated with these structuresincludethe need to house them with adequate ventilation
in cold climates, and the occurrence of slime and algae buildup and corrosion. (AWWA and ASCE,
1998)

2.2.1.2 Low Technology Spray Aeration
For low technology spray aeration, asimple spray nozzleisinstalled above an atmospheric

storage tank or basin. The influent is then discharged into the tank or basin from the sprayer.
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2.2.1.3 Low Technology Bubble Aeration
Low technology bubble aeration involves delivering air bubblesinto a storage tank or basin

using a simple device consisting of a hose or pipe with holes and a blower.

2.2.1.4 Venturi Aeration
For venturi aeration, a venturi laboratory device is installed above an atmospheric storage

tank or basin to discharge the influent into the tank or basin.

2.2.1.5 Mechanica Surface Aeration

M echanical surfaceaerationinvolvesusing amechanical mixer to agitatethe surface of water
in abasin. The agitation brings more air into contact with the water to enable increased radon
transfer from the drinking water to the air. One advantage of mechanical surface aeration isthat it
can often beretrofit to existing basins. Thereare several disadvantagesto thistechnology, including

the need for large basins, long residence times, and high energy inputs. (NRC, 1997)

2.2.2 Removal Efficiency

Sinceremoval rates can vary considerably for low-technology methods, it may be necessary
to pilot test the system to determine actual removal ratesand avoid site-specific problems. For small
systems with waters requiring 50-percent radon removal rates, low-technology spray aeration may

be the best choice.

Removal efficiency data reported for various low-technology aeration techniques are
presented in Table 2-9.

2.2.3 Treatability/Case Studies
Kinner et a. (1990) conducted pilot-scale studies of the effects of several low technology
techniques that involved modifications to a simulated atmospheric storage tank. Most of the

techniques involved simple aeration mechanisms. The techniques studied were:

2-59 May 1999



»  Water entry at the bottom of the tank

Table 2-9. Low-Technology Aeration Removal Efficiencies Observed

Technique Percent Removals Observed Source
Mechanical surface aeration 83-92% Drago (1998)
Free-fall into atank 50-70% Kinner et al. (1990)
Free-fall and simple bubble aeration 86—96% Kinner et al. (1987)
Simple spray aeration with free-fall 60-70% Kinner et al. (1990)
Simple bubble aeration 80-95% Kinner et al. (1990)

*  Water entry at the bottom of the tank with minimal bubble aeration

* Water entry viafreefall from 2 ft above the tank water level

*  Water entry via free fall from 2 ft above the tank water level with minimal bubble

aeration

» Water entry viafreefall from garden spray nozzle 2 ft above the tank

» Water entry viafreefall from laboratory venturi apparatus 2 ft above the tank.

For each of these techniques, the radon removal was measured for hydraulic detention times of 8 to

23 hours. Theresults are shown in Table 2-10.

Following the pilot-scale study, Kinner et al. (1990) installed a minimal aeration system to

an existing storage tank at a housing development. The system consisted of 2 in. PV C pipes with

1/8in. diameter holes and a blower injecting 20 cfm of air. The detention time for the system was

5.3 hours. Radon removal efficiencies ranged from 80 to 88 percent.
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Table 2-10. Radon Removals for Low Technology Techniques

Radon removal % for 8 hr Radon removal % for 23 hr
Technique detention time (flow=0.9 gpm) detention time (flow=0.24 gpm)

Bottom entry ~10@ ~ 349

Bottom entry w/aeration 83 95

Freefall 50 70

Freefall w/aeration 86 96

Freefall from sprayer 60-70 no data®

Freefal fromventuric | - @ 1 @

(1) Slightly above removal expected from decay and volatilization without any treatment.
(2) Nozzle unableto operate at low flow rate.
(3) Water flow rates too low to obtain good venturi action.

Drago (1998) reported removal sof 83to 92 percent for amechani cal surfaceaeration system.
The system had flow rates between 5,450 and 7,600 gpm and detention times of 288 to 408 minutes.

Drago noted that mechanical surface aeration was only appropriate with alarge existing clearwell.

Kinner et al. (1987) assessed the performance of free-fall aeration for radon removal. The
researchers observed removals of 50 and 70 percent for detention times of 12 and 30 hours,

respectively when water was allowed to free fall into a storage tank.

Dixon and L ee (1988) observed adecrease of approximately 18 percent inthelevelsof radon
in water that was stored within a water supply distribution system. This decrease was attributed
largely to volatilization of the gas caused by pumping and agitation of the water and by ventilation
within the storage vessel. Decay of the radon accounted for only approximately 34 percent of the

noted decrease in the radon concentration.

2.3 GRANULAR ACTIVATED CARBON (GACQC)
In drinking water treatment the use of GAC in the United States has been limited primarily
to applications for the control of synthetic organic chemicals and taste and odor compounds.

However, since the detection of radon in drinking water supplies, a number of research and
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pilot-scal e studies have been undertaken to eval uate the effectiveness of GAC for controlling radon.
Based upon the results of this research and pilot-scale work, GAC appears to be effective in

removing radon from water.

2.3.1 Process Description

Radon is removed from water by adsorption using granular activated carbon (GAC). The
adsorption process occurs when the radon molecul es diffuse through the water to the surface of the
GAC. Radon sorbsat theinterface between thewater and the carbon. Therefore, ahigh surfacearea
isan important factor in the adsorption process. Although the outer surface of the carbon provides
some available area for adsorption, the majority of the surface areais provided in the pores within

the carbon particles.

Adsorption systems usually operate in a downflow mode where the contaminated water is
introduced at the top of the carbon bed and flowsthrough the bed to the bottom. Asthewater moves
down through the bed, the radon is adsorbed to the carbon until al the available interfacial areais
taken up. Theradon moveswiththewater through the bed until thereisavailable areafor adsorption
to take place. Contaminant removals are afunction of the available interfacial area between water

and carbon, and are afunction of time.

The design of a GAC system needs to account for competitive adsorption from natural
organic matter in the water that may compete with radon for adsorption sites and thus increase the
amount of carbon needed to sufficiently remove radon (NRC, 1997). Adsorption can be limited by
suspended solids accumulation in the carbon columns or beds, which can cause hydraulic short-
circuiting (bypassing portions of the bed) and also by coating (blinding) the outer surface of the
carbon. Adsorption of large molecules can also block the adsorption of other materials. The
adsorption of oxides and carbonates, such as Fe, Mn, and Pb, can reduce the adsorption capacity of
GAC for radon. However, the actual surface density of adsorbed decay daughter products does not
greatly affect the capacity for radon adsorption since the decay products tend to be at much lower

concentrations than Fe and Mn in groundwater.
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A minimum contact time is required to reduce the contaminant level to any particular
concentration. This required residence time increases as the column or bed becomes partially
exhausted (saturated with contaminants). The empty bed contact time (EBCT) isanominal contact
time that can be defined as the nominal volume of the contact vessel, divided by the design flow.
Theactual bed contact timeisaffected by other adsorbable materialsin the water that can reduce the
adsorption capacity for radon. At high radon levels, the bed/column size required for effective
removals may become so large that GAC isimpractical. Thelong EBCT required for the removal
of radon from drinking water sources by GAC may not be feasible particularly when radon levels
are far higher than the MCL levels.

GAC has a finite adsorption capacity that is determined by the type of GAC and the
characteristics of the target contaminant. 1f VOCs are present during the GA C adsorption process,
the VOC concentration in the water leaving the GAC will be similar to the influent VOC
concentration when all availableinterfacial areahas been exhausted. When the contaminant begins
to appear in the effluent, breakthrough has occurred. Once the breakthrough concentration reaches
aset level, the carbon must be regenerated or replaced. However, in the radon adsorption process
(whereV OCsarenot present), an adsorbed radon atom decays, reducing theinterfacial concentration
of radon and restoring some adsorption capacity to allow new radon atoms to become adsorbed.
Thus, the effective life of GAC is extended through the in-situ decay of the adsorbed radon (radon
decays to ultimately become lead; 6.48 mg of radon are equivalent to 1 Curie and 1 Curieis 10*

picocuries).
Some of the major design considerations for GAC systems are:
» Adsorption/Decay Steady State
* Empty Bed Contact Time (EBCT)

» Contactor Configuration.

These major design factors are discussed below.
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Additional design considerations include:

Typeof GAC - Theadsorption capacity of GAC ispartly determined by thetype of GAC
(as discussed in the adsorption section below), so this may influence system design.
However, the selection of a particular type of GAC also often depends on the sources of
GAC that are available nearby since major costs can be incurred for transporting GAC.
Lowry and Lowry (1987) reported that the type of GAC used “has significant bearing
upon the performance achieved.” Rutherford, as cited in Hess et al. (1998), found that
coconut charcoal works best for absorbing radon. NRC (1998) also noted that coconut-
based GA C has been found to be the best for radon sorption. Since coconut-based GAC
has a larger percentage of micropores than other types of GAC, it is thought that
micropores may be the most effective for sorbing small molecules and atoms like radon
(NRC, 1998).

Temperature - Rutherford, as cited in Hess et al. (1998), also found that the cooler the
GAC, the better the absorption of radon.

Adsorption/Decay Steady State—Carbon usage rates dictate the rate at which carbon will
be exhausted and how often it needs to be replaced (AWWA and ASCE, 1998). In the classic

application of granular activated carbon adsorption to theremoval of organic compounds, adsorption

isotherms have been found to be useful screening toolsnot only for determining preliminary carbon

usage rates, but also for evaluating the effectiveness of different types of GAC. The Freundlich

isotherm model providesamethod of empirically evaluating the adsorption characteristics of GAC.

The Freundlich equation for radonis:

where:

XM =K,C¥

X = radon adsorbed in pCi

M = massof carboninmg

C = equilibrium radon concentration in pCi/L
Un, K, = Freundlich isotherm constants.

A log-log plot of the experimental datagenerally yieldsastraight linewhose slopeis1/nand

intercept isK,. The slope or 1/n provides an indication of adsorption intensity and the intercept or
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K, provides an indication of adsorption capacity (Lowry and Brandow, 1985). Table 2-11 liststhe
radon Freundlich constants for a number of different carbons. As indicated on this table, the

adsorption capacity can vary greatly among different types of carbon.

Table 2-11. Freundlich Isotherm Data and Relative Ranking for Six Activated Carbons
and Radon at 10°C

K,
pCi Radon
Carbon type Mesh Size 1/n Adsorbed/mg Carbon
A 12x40 1.02 1.5600 x 10°
B 12x30 0.99 1.2300 x 10°®
C 12x40 0.91 2.0600 x 1073
D 8x30 1.28 0.0044 x 10
E 8x30 127 0.0046 x 103
F 8x30 0.82 4.6500 x 10°°

Source: Lowry and Brandlow (1985)

However, while adsorption isotherms may give an indication of the potential of a given
carbon for radon removal, they do not yield sufficient data to develop design criteria for GAC
treatment systems. This is due to the effect of decay and the adsorption/decay steady state
relationship that dictatesthe performance of acarbon column/bed in continuous service (Lowry and
Brandow, 1985).

Breakthrough is a key factor in the design of a GAC system and, as noted earlier, occurs
when the effluent concentration of a contaminant after GAC treatment exceeds a maximum
acceptable criteria. When breakthrough occurs depends on the design of the carbon bed/column
(e.g., type and depth of carbon) and the quality of the influent. Breakthrough curves are used to
definetherelationship between the physical and chemical factors of the GAC system (e.g., flow rate,
bed/column size, carbon exhaustion rate), the number of beds/columns and their arrangement (i.e.,
in series or parallel), and treatment plant effluent requirements (AWWA and ASCE, 1998). For
radon, the removal relationship showsaninitial period wherethe adsorption is maximum and decay

is minimum. A typical breakthrough curve for radon shows that the radon concentration in the
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treated water beginsto increase gradually, and then over timeit levels off at asteady state value. A
steady state is established within the carbon bed when the adsorption rate equals the rate of decay.

Knowing the half life of radon (3.82 days), the decay constant of radon can be calculated as

follows:

M(t) =M, e™
where:
M =massinmg at timet
t =timein days
M, =initial massin mg or concentration in mg/L or pCi/L

A = decay constant in days™.

Knowing the half-life of radon (3.82 days), solving the above equation can be as follows:

M (3.82) = M, &%

M (3.82) =¥2M,, since 3.82 days isthe half-life
0, 0.5 = g*®8

In0.5=-3.82A

and A = 0.18/day.

Therefore, M (t) = M g%

Researchers have found that the removal constant K, varies by the type of GAC and by the
source water quality. The different system constants reported by various studies are presented in
Table 2-12. Early research showed aradon removal constant ranging between 1.25/hr and 3.2/hr
in laboratory controlled studies and aradon removal constant ranging between 1.34/hr to 1.89/hr in
field studies. As can be seen from Table 2-13, the K, constant ranges from 1.35/hr to 5.8/hr. In
more recent research, the K, changed significantly between two different sites (and source waters)
(AWWAREF, et a, 1997). Iron, manganese, and TOC in source waters affect radon adsorption by
GAC. One study reported a decrease in the rate constant from 4.57/hr to 2.76/hr when the source
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water iron concentration was increased from 0.09 to 3.9 mg/L (AWWAREF, et a. 1997).
Pretreatment to sequester/removeiron and manganese, or other pretreatment such as pH adjustment,
can improve radon adsorption and extend carbon life. (Pretreatment is discussed further in Section
2.3.3)

As the system rate constant (K,) increases, the EBCT decreases. Since the system contact
timeissite specific, atreatability pilot study isrequired to determinetherate constant for aparticul ar
GAC type and source water. For small systems that cannot afford a treatability pilot study, a

conservative K, should be used.

Table 2-12. GAC K, Constant by Carbon Type®
K (L/hr)®@

Carbon Type

Co = 50,600 Laboratory®

Co = 700,000 Field®

A

1.25

134

1.76

3.20

2.09

1.58

2.28

1.89

2,619 -
124 -
1.97 —

I|IOIMmMO|O|®

Notes:

(1) Unpublished data. EPA Grant No. R-81-829-01-0 Office of Research and Development
(2) K (K at steady state) calculated from Empty Bed Contact Time (EBCT)

(3) Continuous flow

(4) Full-scale household systems

(5) Datalimited.
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Table 2-13. GAC K, Constant by Carbon Type as Reported From Different Sources

Rate Constant K in 1/hr or hr? GAC Type Source
457-5.15 Column 1 Barneby & Sutcliffe PE 12x30 AWWARF, 1997
4.76-5.31 Column 2 Barneby & Sutcliffe PE 12x30
2.69-3.64 Column 3 Barneby & Sutcliffe PE 12x30
3.17-4.52 Column 4 American Norit HD 3000
1.81-3.67 Column 5 Calgon F300

243 (2.99-2.28) American Norit HD 3000 New Jersey site
AWWAREF, 1997
5.8 BC1002 Amherst site, EPA, 1990
33 BC1002 Mont Vernon site, EPA, 1990
1.35 American Norit Peat (8x20) Lowry and Lowry, 1987
2.09 ICl Americas* HydroDarco 4000 (12x40) Lowry and Lowry, 1987
1.53 Calgon F-400 (12x40) Lowry and Lowry, 1987
3.02 Barneby Cheney 299 or 1002 Lowry and Lowry, 1987
1.48 American Norit HydroDarco 4000 Lowry et al., 1987
2.98 without cation exchange BC1002 Kinner, et al., 1993
pretreatment
3.29 with cation exchange
pretreatment

* Now American Norit

Empty Bed Contact Time—The required empty bed contact time can be calculated, given

aradon influent level, desired radon effluent level, and a carbon steady state system constant. The

system is modeled by the following equation:

Kt
c,=ce = ort-=

where:

o

X" 00
|

In| —

Cy

Co

SS

influent radon level (pCi/L)
= desired effluent level (pCi/L)
EBCT (hours)

« — Steady state system constant (1/hr).

The empty bed contact time is afunction of contactor volume and flow rate.
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Calculationsby AWWAREF (1997) indicatethat the EBCT canrangefrom 7 minutesat aK
of 4.5/hr, aninfluent radon concentration of 500 pCi/L, an effluent radon concentration of 300 pCi/L,
and a removal efficiency of 40 percent to 293 minutes at a K of 1.5/hr, an influent radon
concentration of 300,000 pCi/L, an effluent radon concentration of 200 pCi/L, and a removal
efficiency of 99.9 percent. Aswiththe system rate constantsdiscussed above, EBCT can beassessed
through treatability pilot studies.

Contactor Configuration—The three basic configurations for contactor operation are
downflow fixed bed, upflow fixed (packed) or expanded (moving) bed, and pulsed bed. These
configurations can have single adsorbers, or multiple adsorbers operated in series or parallel
(AWWA and ASCE, 1998). Single-stage operation isapplicableto radon removal in ground waters
because of therelatively low carbon usage rates. A system of multiple contactorsin series has the
advantage of being able to capture first-stage breakthrough. Two or more fixed beds operated in
paralle typicaly are used when a high flow rate would require a vessel diameter too large to be

economical or feasible.

Downflow fixed bed contactorsoffer the simplest and most common contactor configuration
for radon removal in ground water. The contactors can be operated either under pressure or by
gravity. Pressure contactors may be more applicableto ground water systems because of the nature
of these systems. The use of gravity contactors for most ground water systems would involve
repumping thetreated water to the distribution system. Onthe other hand, pressure contactors might
be used without repumping, thus reducing both capital and operating costs. Downflow contractors
are used when the unit is aso being used to filter out suspended solids (AWWA and ASCE, 1998).
The suspended solids are removed periodically by backwashing.

When suspended solids concentrations are high, solids accumulation and resulting head
losses may be high if downflow contactors are used. In these situations, upflow beds used with
subsequent filtration processesto remove suspended solidsmay bepreferable. Upflow bedscanaso
be used in waters with low suspended solids concentrations since the bed is not needed as afilter
(AWWA and ASCE, 1998). Upflow beds have also been applied to situations where very long
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contact times (greater than 120 minutes) are required. For pulsed bed adsorbers, the bed is
occasionally pulsed to release some of the exhausted carbon from the bottom, while some fresh
replacement carbon is added to the top of the bed (AWWA and ASCE, 1998).

Point of entry GAC unitstypically consist of ametal or fiberglass pressure vessel containing
gravel and the activated carbon. Adequate volumeis provided above the carbon bed for expansion
during backwashing. Capacitiesare usually between 1.0 cubic feet to 3.0 cubic feet (28t0 85 L) of
carbon. (Lowry et al., 1987)

2.3.2 Removal Efficiency

Several studieshave documented theremoval efficiency of GACfor radon. Typical removal
efficiencies in the range of 80 to 99 percent have been recorded. These studies have involved
household unit or Point-of-Entry (POE) devices, pilot studies, and full scale plants. Flows have
ranged from 125 gpd to approximately 10,000 gpd with average influent radon levels between
approximately 2,500 pCi/L to approximately 750,000 pCi/L.

However, to remove 99 percent of theinfluent water radon, along EBCT isneeded. Dyksen,
Hiltebrand and Guena (1986), as reported in Dixon and Lee (1987), concluded that EBCT for the
removal of 99 percent of radon is 130 minutes. Experiments conducted by Dixon and Leeindicated
a 35-percent reduction in radon concentrations using GAC filters with EBCT of 10.5 minutes.
Hiltebrand, Dyksen and Raman (1987) conducted pil ot studiesthat showed approximately 70 percent
reduction of radon levels using a GAC filter with an EBCT of 30 minutes. Their research aso
showed that pressure GAC filterswith EBCT of 2 minutes and loading rates of about 1gpm/ft> may
reduce radon concentrations up to 10 percent of influent concentration. Table 2-14 presents a

summary of radon removal efficiencies reported by various sources.

2.3.3 Pretreatment
GAC systems may require some kind of pretreatment to prevent clogging of the carbon bed
and to minimize the organic loading on the carbon. Clogging of the bed could be caused by

suspended solidsin the raw water and/or by precipitation of iron and manganese on the carbon. The
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former istypical of surface water systems, while iron and manganese in the soluble form may be
encountered in ground water systems. Clogging may also be caused by biological growthswhenthe
carbon bed life is long. The influent water may also contain competing organics. Competitive
adsorption and the influence of high concentrations of background organics have been found to

affect the removal of organics but their impact on radon removal is unknown. (McCreary and

Snoeyink, 1980).

AWWARF (1997) found that iron (and possibly TOC) decreased the K of GAC from 4.5
h'to 3.2 h™. NRC (1998) noted that the pattern and rate of accumulation of uranium, radium, and
Pb-210 can vary greatly whenironispresent. Cornwell et a., ascited in NRC (1998), reported that
high levels or uranium, radium, and Pb-210 occurred with iron-rich backwash residualsfrom GAC
units. In another study, iron, manganese, and turbidity at the levels shownin Table 2-15 were not

found to affect radon removal (U.S. EPA, 1990).

Table 2-15. Turbidity, Iron, and Manganese Levels

Mont Vernon Ambherst
Parameter average influent level average influent level
Turbidity, NTU 0.17 - Phase | 1.75 - Phase |
0.05 - Phase I 2.99 - Phase |l
Iron, mg/L 0.06 - Phase | 0.50 - Phasel
0.06 - Phase 1 0.78 - Phase ||
Manganese, mg/L 0.02 - Phase | 0.09 - Phasel
0.02 - Phase 1 0.10 - Phase Il

Source: EPA, 1990

Fouling of the GAC by oxidized metals, organics, particulates, and/or microorganisms can
be controlled by pretreatment and/or frequent backwashing. Periodic backwashing of the GAC units
can remove some suspended solids which might otherwise clog the bed. Disinfection with chlorine
prior to GAC adsorption creates chlorine by-products during the reduction of chlorine on GAC.
Since some of the chlorine by-products are adsorbed by carbon, design of GAC systems needs to
account for this competitive effect. Filtration ahead of the GAC system is a common solution to
prevent clogging of the bed. For POE units a small sediment filter can be installed immediately
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upstream of the GAC unit (Lowry, et al., 1987). Pretreatment can be provided to reduce the organic
loading on the carbon, thereby decreasing the carbon usagerate. The need for pretreatment should,
however, bejustified on the basis of cost and performance. Examplesof processesthat may be used

for pretreatment include conventional treatment and ozonation.

2.3.4 Post Treatment

The dynamic behavior of bacterial populations on GAC has been the subject of several
studies. (Klotz et al., 1976, Cairo et a., 1979, McElhaney and McKeon, 1978, and Parson et dl.,
1980). Whilethe results of these studies have not presented a consistent picture of the dynamics of
bacterial growth on GAC and in effluent from GAC contactors, al found the average number of
bacteria in the effluent from GAC systems to be significantly higher than influent levels. More
recent GAC radon removal studies measured the bacterial population in the effluent and found that
at both the Mont Vernon and Amherst sites, bacterial populationsin the effluent were significantly
greater than those in the influent. At Mont Vernon the effluent level was as high as 362,000
CFU/100 ml while at Amherst the effluent ranged from 20,000 to 40,000 CFU/100 ml (EPA, 1990).
No incidents of waterborne disease outbreaks have been linked to GAC systems; however, these
studies indicate a need to ensure adequate disinfection of GAC contactor effluents prior to
distribution of the water and a need for careful monitoring of the disinfected water. 1f chlorination
isused to disinfect, the formation of disinfection byproducts (DBPs) isunlikely to beaconcern until
the GAC is saturated since the natural organic matter (NOM) needed for DBP formation will sorb
to the GAC (NRC, 1998). If the GAC becomes saturated, DBP formation after chlorination could

be a concern.

In addition, well pumps may need to be modified or replaced to address the additional head
loss in the pressurized treatment system (K ennedy/Jenks Consultants, 1991).

2.3.5 Operational Considerations
Gamma radiation exposure from process units and waste disposal issues related to the
accumulation of radioactive lead-210 on the mediaare two concerns associated with using GAC for

radon removal. The decay of radon within the GAC bed results in the growth of radon progeny.
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Betaand gamma emissions are associated with daughters Bi-214 and Pb-214 which have short half
lives. Theradon adsorbed on the GAC decaysinto its radioactive daughter products, resulting in a
buildup of radioactive lead-210. Pb-210 accumulates on the bed because of itslong half-life (over
20 years), and its tendency to be adsorbed on the media.

2.3.5.1 Gamma Emissions

The accumulation of radon (and other radionuclides such as uranium and radium ) on the
activated carbon poses a potential health risk to full-time operators of the water treatment system,
maintenance personnel, and handlers of the spent carbon. Radioactive air emissions could aso
necessitate an analysis of radiation exposure to the nearby community (persons living or working

in the immediate vicinity or downwind).

According to research conducted on gamma emissions from a GAC, the level of radiation
surrounding the bed depends on the influent radon level, radon effluent level, and distance from the
bed. The exposure rate is significantly lower a few feet from the GAC bed compared to the
maximum exposure rate found at the surface of the GAC vessel. Field monitoring studiesindicate
that gamma exposure rate dissipates with distance, and shielding with lead or water decreases
exposurerates further (Lowry, 1988). Lowry (1988) reported that encasing asmall POE GAC unit
(1.7 to 3.0 cubic feet) in atank of water can virtually eliminate the problem of gamma exposure
surrounding the GAC bed.

Thelevels of gamma emissions recorded from GAC contactors by several field monitoring
studies arelisted in Table 2-16.
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Table 2-16. Gamma Emissions from GAC Contactors

Influent Radon

Gamma emissions Level (pCi/L) Site Source
500 prem/hr 14,830-17,110 | Atkinson, New Hampshire | AWWARF (1997)
500 prem/hr 150-7,500 Colorado AWWARF (1997)
4-5 mrem/hr 53,600-74,900 | Full-scalelaboratory study | Lowry et d. (1987)
Max exposure at surface of 2.5 cu ft bed
4.6-16 mrem/hr at surface of unit #1 191,113 Mont Vernon, NH Kinner et al. (1988)

1.1-1.8 mrem/hr at bottom of unit #2
40-100 mrem/hr for workersin direct
contact with GAC bed during coring for
1-1.5 hours

Lowry and Brandow (1985) showed that radiation at the surface of the household contactor
vessel decreased to less than 1.0 mrem/hr at 3 feet from the tank surface.

Some studies using field observations and models have investigated the exposure due to
gammaradiation from GAC beds. Based on data collected during a study of GAC household POE
units, Lowry (1988) developed arelationship to predict the maximum gamma exposure rate based
on the radon level in the raw water. Equations that model the relationship between acceptable
distance and raw water radon level were developed. The maximum gamma exposure rate that can
be expected can be predicted by therelationship that 1.0 mrem/hr is produced for each 10,360 pCi/L
of radon in raw water and appliesfor GAC unitsthat have reached a steady-state operation. (Lowry,
1988)

Analyses and conclusions/recommendations by researchers are listed below:

* A GAC unit located 3 feet from aliving area would require no shielding up to an
influent radon level of 21,000 pCi/L (Lowry, 1988).

* Thereis no increased gamma exposure if raw water is less than 5,000 pCi/L and
GAC is adequately shielded.

* A GACunitinacellar needs no special precautions up to an influent radon level of
30,000 pCil/L.
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Based on their analysis, researchers recommended an upper level of approximately 5,000
pCi/L for influent radon concentration to avoid hazard due to gammaradiation for adomestic water
supply. The analysis took into consideration the standard promulgated by EPA which limits
residential exposure to gamma radiation to 20 uR/h above the background exposure rate, or
approximately 170 mrem/year; an exposure period of 8 hours per day; and a safe distance of afew
feet from the surface of the GAC unit. It was estimated that the exposure from a unit that removes
95 percent of the influent radon concentration of 5,000 pCi/L at aflow rate of 300 gpd waslessthan
0.058 mR/hr (equivalent to 170 mR/yr) at a distance of approximately two feet from the GAC unit
(Rydell, 1989).

Based on research studies, AWWARF (1997) verified thefoll owing equation (devel oped by
Lowry and Brandlow, 1985) to provide an estimate of the gamma emissions for any given radon
influent concentration.
Rn
Ymax =TT
178 pCi/L
purem/hr

where:

T, maximum gamma emission (prem/hr)
Rn

influent radioactivity (pCi/L).

A computer program called CARBDOSE models radon removal by a domestic style GAC
filter (Rydell et al., 1989). The program can estimate the exposure dose from a GAC unit at a
specified distance from the unit. It also models the accumulation of Pb-210 on the media as a
function of years of operation, and estimates the Pb-210 activity per gram of wet carbon. Martins
(1992) developed graphs that depict the exposure rate versus the radon influent concentrations for

various system configurations and sizes.
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The gammaradiation exposure rate to operatorsin the work area depends on several factors
including radon concentration, distance between the work areaand the GAC units, time spent inthe
work area, and the extent of shielding. Theexposurerate can bereduced by shielding with materials
such as lead or water, and engineering controls that maximize the distance between the beds and
workers, and minimize the time spent by workers near the GAC units. Possible measuresto reduce

radon exposure by workersinclude:

Automate the treatment system
« |nstall remote instrumentation and a remote control center

* Implement a radiation protection program that establishes operator exposure time
management and measures radiation exposure (time logs, dosimetric badges, periodic
Geiger-Mueller counter tests)

» Add vessd shielding, such aslead liners or water jackets around the GAC system

» Provide physica barriers such as caging around the contactors at one meter distancesto
prevent casual contact and therefore limit unnecessary body exposure

» Change site configuration to maximize distances between vessels or parallel trains
* Addastorage silo for offline storage of spent carbon (option for waste treatment)

* Improve ventilation/dispersion (Martins, 1992).

2.3.5.2 Spent GAC Disposal

A GAC bed used for radon removal canlast for many yearswith little decreasein efficiency,
assuming no limiting water quality conditionsexist. Radionuclides (Pb-210from the decay of radon
and from the source water, and uranium and radium from the source water) accumulate at the GAC
media. The presenceof ironincreasestheability of radium and uranium to adsorb to the mediasince
ironisreactive with these compounds (AWWAREF, 1997). Depending on the contaminants and the
extent of accumulation, the disposal of the spent carbon containing Pb-210 and/or other

contaminants could pose problems.
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Currently there are no Federa regulations governing the disposal of radioactive wastes
generated by water treatment facilities. The US Nuclear Regulatory Commission’s (USNRC)
definition of low level radioactive wastes is not based on the level of radioactivity but on how the
material was generated. That agency does not regulate naturally occurring radioactive material
(NORM). EPA’s Suggested Guidelines for Disposal for Drinking Water Treatment Wastes
Containing Radioactivity (U.S. EPA, 1994) and Management of Water Treatment Plant Residuals
(U.S. EPA, 19963a) review disposal options and recommend disposal criteria. EPA’sguidelinesare

summarized in Table 2-17.

Table 2-17. EPA Guidelines for Disposal of Radioactive Water Treatment Plant Residuals
Radionuclide level (pCi/g)

Radium Uranium 238 Recommended Disposal
<3 <30 Landfill —waste should be dewatered and mixed with other wastes.
3to50 30to 75 Covered landfill to prevent release of radon to air.
Dewatered and disposed in RCRA hazardous waste facility.
50 to 2,000 75to 750 Handle on a case-by-case basis.

RCRA hazardous waste facility.
Low level radioactive waste facility.

>2,000 >750 As permitted by State regulations.
Low level radioactive waste facility.

Source: “ Assessment of GAC Adsorption for Radon Removal,” (AWWAREF, 1997).

AWWARF (1997) notes that most States deal with the disposal of radioactive water
treatment plant residuals on a case-by-case basis. The States have no specific regulations or
guidelines for these radioactive residual s but would apply existing solid waste or hazardous waste
disposal requirements. New Hampshire requires that wastes containing radium at 0.444 pCi/g or
uranium 238 at greater than 58.4 pCi/g be disposed of in a low level radioactive waste facility.
Illinoislicenseswater treatment facilitiesand landfillsreceiving radium bearing sludgesasradiation
installations. Sludges containing lessthan 5 pCi/g total radiation can be disposed of in a permitted
landfill. Sludges with radioactivity levels between 5 and 50 pCi/g can also be disposed of in a
permitted landfill but under more stringent requirements. Sludges with radioactivity levels greater
than 50 pCi/g are handled on a case-by-case basis by the lllinois EPA and the Illinois Department
of Nuclear Safety. (AWWARF, 1997)
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AWWARF (1997) providesamethod for predicting the accumul ation of Pb-210onthe GAC
using the following simplified equation:

(-257x10Y) C K

Pb-210 radioactivity/g of carbon after year 1 = ) In[ & )
where:
C, = radonremoval (pCi/L)
K = rateconstant for agiven GAC (L/hr)
d = density of GAC (Ib/ft})
C, = influent radon concentration (pCi/L)
C, = effluent radon concentration (pCi/L).

As indicated in the AWWAREF report (1997), this equation can be used as a general
indication of Pb-210 buildup. The AWWAREF (1997) report shows aset of Pb-210 buildup curves
for different K values. The above constant of 2.57 x 10* is believed to be the result of
multiplication of aunit conversion factor of 546.92 and a curve slope vaue of 0.47 x 10°for aK
value of 4.5/hr.

Hess, et al. (1999) studied the effects of washing GAC in acid reagents and bases to
determine whether they could be used to regenerate carbon. The GAC filters were used to remove
radon from well waters with up to 100,000 pCi/L. Carbon used as radon filters was washed with
either hydrochloric acid, nitric acid, acetic acid, EDTA, sodium hydroxide, potassium hydroxide, or
distilled water. Thisseriesof washeswasfound to remove many of the radionuclides that had built
up in the GAC as aresult of the decay of radon that had adsorbed during use as afilter to remove
radon from drinking water. Pb-210 was reduced by factors ranging up to 65%, but in some cases
also increased by as much as afactor of 2 dueto areduction in the mass and density of the sample.
Thus, washing GAC in certain acids and bases may reduce the levels of Pb-210 and other
radionuclidesin spent GAC to levels not requiring special waste disposal. The researchersdid not
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indicate whether spent acids and bases would require special waste disposal arrangements. (Hess,
et al., 1998)

2.3.6 Case Studies
Full-scale studies to date using GAC for removing radon have involved central treatment

systems and point-of-entry (POE) treatment devices. The majority have been on POE.

Mt. Vernon, New Hampshire—A GAC system for radon removal was installed in Mt.
Vernon, New Hampshire by Dr. Jerry Lowry. The water supply consisted of two wells which
supplied approximately 6,500 gallons per day to 40 mobile homes. The concentration of radon in
the water averaged 155,000 pCi/L (Lowry, €t. al., 1984)

Thetreatment system consisted of two GA C contactors connected in series. The contactors
contained atotal of 48 cubic feet of carbon which provided an empty bed contact time for each unit
of 80 minutes. After achieving steady state operationsin 10 to 15 days, the levels of radon in the
treated water ranged from 4,000 to 15,000 pCi/L. Thiscorrespondsto aremoval efficiency of 90.3
t0 97.4 percent. Following 2 months of operation, major leaks devel oped in the distribution system
that resulted in the wells being pumped dry several times. Following repairs, thelevels of radonin
thetreated water roseto 22,000 pCi/L which correspondsto an 85.8 percent removal efficiency. The
reasons for the decreased removal efficiency were unknown. However, one possibility was that

sediments containing radium may have been deposited in the contactors.

Derry, New Hampshire—Kinner et al. (1990) conducted a pilot scale study at Derry, NH
using two different GAC systems applied at the point of entry (POE). Thefirst system consisted of
a sediment filter with pleated paper for pretreatment and a GAC unit with 0.047m? of Barneby
Cheney 1002 coconut-based carbon. The second system consisted of a sediment filter with pleated
paper, anion exchange unit with 0.042m? of strong cationic resin and a GAC unit with 0.0465m? of
1002 carbon. Pretreatment and/or backwashing was applied to prevent fouling. The first system
(with cation exchange pretreatment) achieved removal sranging between 85 and 99.7 percent, while

the second system (without cation exchange pretreatment) achieved removals ranging between 79
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and 99.7 percent. The systemswere operated at aflow rate of 270 gpd at six 18-minintervals and
a30-mininterval each day.

Mont Vernon, New Hampshire—Kinner et a. (1988), performed a full-scale study using
aGA C system designed by Lowry Engineers. Thesystem consisted of twofiltersoperatingin series.
Thefirst filter (30" diameter) contained 20 ft* of Barneby Cheney 1002 coconut-based carbon. The
second filter (36" diameter) contained 27 ft® of carbon. The system achieved removals ranging
between 74 and 88 percent. Thisdecreased efficiency wasattributed to clogging possibly fromiron,
manganese, bacteriaor organics. The system was operated at an average flow of about 40,700 gpd
with influent radon levels of about 191,000 pCi/L. Backwash was provided at 10 gpm. Spent
carbon was shipped to an approved low level radioactive wastelandfill inthewestern United States.

Leed, Maine—Lowry et a. (1990) performed a full scale GAC adsorption study in Leed,
Maine. Influent radon levels were 1,124,000 pCi/L and the average flow was 886 L/day retained
over 22 months. A standard GAC setup was used for the study. During adsorption, 99.5 percent
radon removalswereachieved whileall progeny, Po-218, Pb-214, Bi-214 and Pb-210, wereretained
on the bed. Desorption occurred only when Rn-free (< 1 pCi/L) water with pH < 3.0 was applied
to the bed. One hundred percent of the progeny was retained in the bed at pH > 3.0. It was
concluded that optimal elution occurs when pH is between 2.0 and 3.0.

Hodsdon (1993) conducted a field survey of radon treatment facilities using GAC. The
facilities surveyed included very small to medium sized water systems. A summary of thefindings

are presented in Table 2-18.

Point-of-Entry Units—Lowry et al. (1989) summarized dataobtained fromvariousfull-scale
point of entry (POE) GAC studies conducted between 1984 and 1989. Thetotal number of selected
unitswas 121 distributed in several statesasshownin Table 2-19. Typica GAC systemswere used
for the studies. These systems included pump/hydropneumatic pressure systems, sediment filters,
manual control valves, bottom injection flow inlets, and pressurized GAC treatment units with 6
inches of support gravel and 36 inches of GAC depth. However, different sizes of GAC unitswere
used as shown in Table 2-20.
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Table 2-19. Categorization of POE GAC Units by State

Categorization of POE GAC Units by State
State Number State Number
Maine 61 Colorado 3
New Hampshire 20 Rhode Island 3
New Jersey 12 Connecticut 6
Kentucky 1 New Y ork 1
Pennsylvania 6 North Carolina 1
M assachusetts 5 Vermont 1
Table 2-20. Relative Use of Different Sized GAC Units
GAC Model GAC (cu ft) Vessel Size Number Installed
Not designated 2.0/3.0 12" x 48" 12/3
GAC10 10 10" x 35" 15
GAC17 17 10" x 54" 72
GAC30 3.0 14" x 47" 16

Note: Barneby Cheney Type 299 coconut-based carbon was used in Models 10, 17, and 30. Calgon F-400 was used in 11 of the
12 (2.0 cu ft) not designated units. Norit was used in 1 of the not designated 2.0 cu ft units and in the 3.9 cu ft not designated units.

From the 121 selected installations, 64 percent achieved removals greater than 95 percent,

30 percent achieved removals between 80 and 90 percent, and 6 percent experienced premature

failure that is believed to be water quality related. Based on these results, it was concluded that in

order to meet maximum contaminant levels (MCLSs), the POE GAC application should be limited
to well supplieswith Rn 5,000 pCi/L.
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In addition, a more specific evaluation of selected full-scale units was conducted. Eleven

locations were selected from the 121 based on the following criteria:

All installations had along period of service.
One or more had several performance checks.

One or more had particularly water quality problem other than Rn.

A wbdh P

One or more showed a progressive premature failure.

The removals ranged between 90 and 99 percent except for one installation where the

removal ranged between 30 and 60 percent.
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Best Management Practices

3.0 INTRODUCTION TO BEST MANAGEMENT PRACTICES
Best management practices (BMPs) are combinations of activities or modifications to
treatment processesthat under certain conditionswill prevent the use of water sourceshigh in radon

levels and achieve acceptable water quality.

3.1 DESCRIPTION OF PRACTICES
3.1.1 Geologic Controls (Siting)/Alternate Sources

Development of aternative water sources located within a reasonable distance of a
community which do not exceed the MCL for radon may provide a satisfactory solution to a
community water quality problem. Although surface water sources may be free of radon, they may
require treatment, such as clarification and disinfection, which may be as expensive as removing
radon from the original source water. However, the radon contaminant in the original source may
be peculiar to a localized geological formation and developing wells of different depths and at
different locations should not be precluded.

Many communitiesmay have existing facilitiesthat can be utilized in the devel opment of an
alternative source. For example, systemswith filtration or chlorination processes may adapt those
processesto treatment of anew water source. Different combinationsof new and existing processes
relative to the size of the system and quality of water source impact significantly on cost and

complexity.

3.1.2 Regionalization
A feasible option, especially for small water systems that are out of compliance with the
radon MCL requirements, is to join with other small or large systems that do comply with MCL

requirements to form aregiona water supply system. A schematic of such a system is shown as
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Figure 3-1. Thisdiffersfrom aternate source devel opment inthat the basic water source hasalready

been devel oped by the host community.

Generaly itisthe smaller communities or systemsthat may encounter radon concentrations
in excess of the MCL because these systems tend to use ground water sources. Ground water
sources are used by 91 percent of the systems serving under 500 people and 74 percent of the
systems serving 501-3,300 people (NRC, 1997). Small systemsalso tend to have more operational
reliability problemsthan do the larger systems (U.S. EPA, 1987). The cost of treating poor quality
ground water and the technical difficulties that many small systems face make regionalization an
appealing idea. With centralized treatment, treatment costs (capital and O& M) are frequently much
lower than decentralized treatment. Regionalization can also provide other cost savings through

shared maintenance service and/or central billing, which show economies of scale.

The cost of regionalization is independent of the particular contaminant being considered
since regionaization involves supplanting the contaminated water supply with water from a
(presumably larger) host community. A community may arrange for more than one host community
to supply it with water. However, if multiple transmission pipelinesareinvolved, thismay increase
costs. Since regionalization is one community arranging with a neighboring community to supply
it with potable water, the distance between communities has shown to be the most sensitive factor
affecting regionalization costs in this analysis. Piping treated water may prove prohibitive in
sparsely populated regions. Regionalization requires afeasibility and economic study, preferably
onethat includesvalueengineering. A regionalization plan shouldincludealternative solutionswith
cost comparisons such as pipe laying costs above ground versus below ground (where feasible), the
use of one large pumping station versus several smaller pumping stations, and the use of multiple

elevated reservoirs versus one large ground reservoir.
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Figure 3-1. Regionalization
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Griffin (1989) noted the advantages of regionalization as follows:

»  Cheaper treated water due to economics of scale
* Dependability of supply
» Longer life expectancy of pipelines than water treatment plants

* Long term economic benefits because of better quality, steady water supply, and less
spending on water treatment.

Griffin (1989) also lists problems associated with regionalization:

* Requiresthecooperation of individualsand groupswith different mentalities, needs, and
economic capacities

* May mean the abandonment of existing treatment facilities

» Challengesin places where water rights are an issue and water is scarce.

3.1.3 Extended Atmospheric Storage

Extended storage all ows sufficient timefor someradon reduction to occur through decay and
losses to the atmosphere. During extended storage, the radon-contaminated water can be exposed
to the atmosphere so that the contaminant may be naturally transferred to the atmosphere. Storage
may be provided by reservoirs or water tanks, though water tanks would be easier to monitor for
percent removals. Removalscan beincreased inthetanksby providing ventil ation through the tanks
to minimize the buildup of radon, which decreases removal efficiencies by hindering the natural
diffusion process. Thedimensionsof thetanksalso affect removal efficiencies, though more studies
will berequired to determinetheremoval efficienciesand costsof shallower tankswith large surface

areas for greater contact with the atmosphere versus deeper tanks with the same storage capacity.

Advantages of storage can be summarized as follows:

* Provides radon treatment with and without ventilation or aeration because of natural
decay
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* Providescontinuouswater supply when key treatment unitsare out of serviceand during
emergencies

* May provide savings on energy consumption by treating and storing water during off-
peak energy rates.

Disadvantages associated with storage are included below in Section 3.1.5.

3.1.4 Blending

Many systemsrely on ground water and surface water sources. In many cases, ground water
isused during peak seasons or during dry years. For system with access to surface water, blending
might be aviable option for reducing radon levelsin drinking water, particularly for small systems.
Since radon concentrations in surface water are typically very low, blending surface water with
ground water will decrease, often significantly, the concentration of radon in the water supply. In

addition, blending alow radon ground water source with the source high in radon is an option.

3.1.5 Limitations of BMPs
Although the above best management practices (BM Ps) achieve some degree of removal, the

following barriers limit their implementation in full-scale treatment:

» Exigting storage tanks may not provide adequate headroom and ventilation to prevent the
accumulation of agaseouslayer of radon, which can re-enter the aerated water. Storage
must be carefully managed to avoid water stagnation. Deterioration of water quality can
be dramatic otherwise, especially in the summer.

* Modificationsto storage facilities may interrupt service.

* These systems will probably not achieve removals that are sufficient to attain desired
water qualities, if influent levels are extremely high.

* Removals will not be consistent, depending on seasonal usage patterns and radon
occurrence levels.

* The capacity of existing storage tanks will probably be insufficient to provide the
necessary detention time to reduce radon concentrations to acceptable levels if high
influent levels are present.
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» Theuseof other sources, such asblending asurfacewater sourcewith an existing ground
water source, may reduceradon level sbut may introduce other contaminantsthat require
the addition of other treatment. Additional monitoring may be necessary to track source
water quality, thus increasing costs.

» Additional transmission pipelines or pumps may be needed (e.g., storage systems may
operate at atmospheric pressure, requiring either elevated tanks or repumping).

*  Water quality may be less consistent (e.g., if storage times fluctuate greatly based on
demand or if the quality of a blended source is not as reliable).

» Disinfection may be needed (e.g., if water isexposed to the atmosphere or blended with
a surface water source).

3.2 REMOVAL EFFICIENCY
Limited dataareavailableonremoval efficienciesfor the BM Psdescribed above. Thesedata

are shown in Table 3-1.

Table 3-1. Removal Efficiencies for BMPs

Best Management Practice Effect on Radon Level

Atmospheric Storage 7-13% removal — 9-hr detention time
33-36% removal — 30-hr detention time

Blending (6.34 MG of well water with 18.34 MG surface water) | 79% reduction

3.3 DESIGN CRITERIA

Thehalf-life of radon is 3.82 days. Therefore, to achieve aminimum of 50 percent removal
of radon, a4-day storage capacity is needed (if radon removal occurs by decay alone). While this
might seem to be cumbersome for large systems with available sources of ground water, large and
small systems with intermittent flows and fluctuating demands may find storage to be the best

technology.

3.4  TREATABILITY/CASE STUDIES
Storage: Kinner et a. (1987) performed a laboratory study at the University of New

Hampshire to monitor radon removal from a still pool of water to determine the effect of storage.
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A plastic storagetank with acapacity of 30 gallonswasfilled with water containing radon to adepth
of 27 inches. The radon concentration was monitored for 5 to 6 days during four test runs. The

results of this bench study are presented in Table 3-2.

Table 3-2. Bench Studies

Detention Time (hr) Percent Decay® Percent Removal
9 7 7-13
30 20 33-36

(1) The valuesfor percent removal due to decay were calculated assuming first order decay and aradon half-life of 3.82 days.

The results of the study were used to develop design criteriafor storage tanks. Although it
isdifficult to scale-up the removals cited above, the study determined low level radon removal may
be attainable through the installation of storage tanks.

Blending: Based on volumetric dilution, Dixon and Lee (1987) blended 6.34 MG of well
water with an average radon concentration of 1079 pCi/L and 18.34 MG of surface water with no

radon. The average radon concentration in the blended water was 226 pCi/L.
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Treatment Cost Analysis for Radon Removal Technologies

4.0 INTRODUCTION

Thischapter presents capital and operation and maintenance (O& M) costsfor treating radon
indrinking water. Costs are presented for aeration technologies, granular activated carbon (GAC),
pre-engineered centralized treatment devices, and regionalization. The cost equations and point
estimates of costs presentedinthischapter are devel oped to be used intheregulatory impact analysis
process to estimate regulatory compliance costs for the prospective Radon Rule. Section 4.1
describes the cost estimating approach. Section 4.2 presents capital and O& M costs (in the form of
summary cost tables) for aeration and GAC. Section 4.3 presents costs for inter-connecting small
public water supplies (regionalization) asan aternativeto installing treatment devices. Section 4.4
presents equations for estimating capital and O&M costs for pre-engineered centralized treatment
devicesfor systemswith very small flows (lessthan 10,000 gpd). Section 4.5 presentsacomparative
analysisof the aeration and GA C costs using case studies and other cost-estimating models. Section
4.6 presents the best-fit equations for aeration and GAC developed in Sections 4.2 through 4.4 ina

summary form.

4.1 DESCRIPTION OF COST ESTIMATING APPROACH

For aeration and GAC, point estimates of capital and O& M costs for a series of plant sizes
ranging from 10,000 gallons per day (gpd) to 100 million gallons per day (mgd)® were developed
using cost estimating software. Costs were also estimated for aeration technologiesfor small plant
sizes(0.1to 2 mgd) using current cost estimating literature and according to generally recommended
engineering practices. Since Radon’ s compliance costs could be borne primarily by small systems,
the alternative costs using this approach provide another resource for analysts for estimating
regulatory compliance costs. In addition to the basic technology costs for aeration and GAC, costs
wereal so devel oped for indirect cost elementsusing various cost-estimating tools. Indirect elements

include costs for structures, land, permitting, disinfection, and pretreatment.

9 System sizes and flow ranges used in this costing exercise apply primarily to community water systems
(CWS).
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Cost estimatesfor treatment unitsfor capacitieslessthan 10,000 gpd were obtained from the
published literature on point-of-entry (POE) systems.® For centralized treatment of radon using
POE devices, capital and O& M costs were estimated using the report entitled “ Cost Evaluation of
Small System Compliance Options. Point-of-Useand Point-of-Entry Treatment Units. EPA. Draft.
April 20, 1998.” Costs for regionalization were based on best professional judgment and using
published unit cost data.

The following sections provide more detailed descriptions of the cost approach, cost
estimating models, model inputs (design parameters and cost factors) and assumptions used for
estimating capital and O& M costs.

4.1.1 Description of the Approach Used for Estimating and Validating PTA and GAC Costs
Specifically, the following approach is used for estimating PTA, DBA and GAC costs for
plant sizes greater than 10,000 gpd:
* Available design and cost estimating models for PTA and GAC were modified and
adapted for estimating radon treatment costs.
» Point estimates of capital and O& M costswere generated for 11 plant sizesranging from
10,000 gpd to 100 mgd. The plant sizes were selected to provide representation across

small and large water treatment plants.

* Indirect capital costs for permitting, structures, piloting, land, pretreatment, and post-
treatment were also devel oped.

* Inaddition to model-based costsfor PTA, costs were estimated for small systemsusing
an alternative approach.

» Best-fit curveswerefitted to the data points and cost equations (flow versus capital and
O&M costs) were generated.

» Costs were compared to costs developed using other models and to case studies.

1 POE technol ogies can be used by very small community water systems (CWS) or transient and non-transient
non-community water supply systems (TNCWS and NTNCWS).
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4.1.2 Description of the Cost Estimating Models For PTA and GAC

Two models, the PTA-COST and the GAC-COST, were used to estimate centralized capital
and O& M costs for PTA and GAC, respectively*. Both models were developed by EPA but were
modified by SAIC for estimating Radon treatment costs. Costsfrom other models, historically used
by EPA for generating unit treatment costs, were al so used but only for comparison with PTA-COST
and GAC-COST estimates.

4.1.2.1 The PTA-COST Model

The PTA-COST Model was developed by EPA in the early 1980s for generating cost-
optimized designs for counter-current packed tower aeration systemsfor removing volatile organic
compounds (VOCs) from water. The PTA-COST Model was designed to generate process designs
and costsfor small to large PTA configurations. The PTA-COST Model has been modified several
times over the past decade and was used most recently in 1992 for estimating radon treatment costs.

The PTA-COST Modéd (the 1992 version), written in an old version of the Hewlett Packard
Basiclanguage, wastrand ated to aspreadsheet-based program and itsdesign routinesweremodified
to produce readlistic PTA designs. These modifications include constraining the program to base
costs on realistic tower dimensions (the 1992 version generated unrealistic tower dimensions) and

simplifying the way the model checks for flooding conditions.

Significant changes were not made to the cost estimating routines. Dataare not availableto
reliably change the equationsin the model that describe the base capital and O& M costs. Therefore,
the PTA-COST Model’s estimated costs are validated by comparing them with costs from case
studies and outputs from other models. While changes were not made to the underlying cost-
estimating routinesinthe PTA-COST Model, cost indicesand thelabor rate were changed to update

model coststo December 1997. Theindices and labor rates used are discussed later in this section.

" Note that in thisreport, the PTA costs are assumed to also represent costsfor technologiesthat are similar
in performance and coststo PTA. These technologiesinclude multi-staged bubble aeration (MSBA) and shallow tray
aeration (STA). Costsfor Diffused Bubble Aeration (DBA) were estimated separately.
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The design generated by the PTA-COST Model (1998 version) isfor a system with a steel
tower and internals, plastic packing, an air blower, influent pumping, clearwell (whose size can be
adjusted based on detention time), piping, instrumentation, and electrical and air duct. The PTA-
COST Model design does not consider abuilding (for housing pumps and other support equi pment)
or achemical wash system. Costsfor additional items are estimated separately. (see Section 4.2).

O&M costs generated by the PTA-COST Model include labor (mainly for taking readings),
administrative costs, and power for pumpsand the blowers. Appendix A-0 presentsaconceptualized

diagram of the assumed configuration.

4.1.2.2 The GAC-COST Model

EPA developed the original GAC-COST Model written in FORTRAN computer language
in the late 1980s. EPA’s application of this model is documented in a report entitled “EPA’s
Drinking Water and Groundwater Remediation Cost Evaluation: Granular Activated Carbon.” The
original GAC-COST Model was updated, converted to a spreadsheet, and additional automation
added to simplify use. The current model performs GAC design calculations (e.g., it calculates
empty bed contact time, contactor volume, and quantity of GAC) based on user supplied design
criteria (e.g., design and average flow rate, percent radon removal, number of contactors, and

loading). It then estimates capital and O& M costs for these designs.

For small systems, the model assumes that systems will use preengineered (package)
treatment units. For larger systems, the model automatically selectsthe lowest cost of either asteel
pressure contactor design or a concrete gravity contactor design. For these systems, capital costs
include construction costs, backwash pumping, and the initial GAC load. Further details of the
elements included in construction costs are not provided in the origina model documentation.
However, given the similarity in capital cost found between the GAC-COST Model and other
models (see Section 4.2), the GAC-COST Model is believed to include the same basic capital cost
elements associated with “standard” GAC units. O&M costs in the model include labor, power,
maintenance, process and GAC transport , GAC replacement, and spent carbon transport and
disposal.
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Construction costs generated by the model can be updated using cost indices. Cost factors
(e.g., engineering, construction), used for estimating total capital costs, can also be adjusted by the
user. O&M costs can be updated using the Producer Price Index, Bureau of Labor Statistics (BLS)

labor rates, and water and energy unit costs.

4.1.2.3 Other EPA Models

EPA hastraditionally used three modelsfor estimating drinking water treatment technology
costs. They are the Very Small Systems Modd (VSS), the WATER Model, and the Water/
Wastewater (W/W) Cost Model. These modelsare capable of estimating capital and O& M costsfor
aeration and GAC aswell as numerous other technologies. Use of aparticular model is predicated

on the size of the treatment system being costed.

These models are used only for making comparisons with the PTA-COST and GAC-COST
Model outputs. Although they offer breadth in terms of the number technologies they cover, they
have several limitations. First, the models cannot generate designs. Designs have to be generated
separately by hand or by using another model. Second, theinput design parametersfor these models
have to be within the original design constraints on which these models' cost equations are based.
Thus, costs cannot belinked directly to aremoval efficiency. Finaly, thesemodelsare several years
older thantheunmodified PTA-COST Model andthe GAC-COST Model. Despitetheselimitations,
these models, provided they are used with care, are still good indicators of generalized technology

costs and are generally sufficient for regul atory-type cost analysis or as a comparative tool.

The main features of the VSS, Water, and W/W Costs Models are described below.

The VSS Model

The VSS is a spreadsheet containing tables for 18 water treatment technologies. The
spreadsheet wasdevel oped by SAIC using cost equationspresented in an EPA Manual entitled“Very
Small SystemsBest Available Technology Cost Document, September 1993.” EachtableintheVSS
spreadsheet correspondsto atreatment technology. Usersinput apublic water system’ sdesign and

operating flow, an escalationfactor (e.g., average CCl increase), and thetreatment plant’ sdesign and
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averageflows. Capita and O&M costs are generated by the spreadsheet using the underlying cost
equations. TheVSSModel isapplicablefor treatment plants with design flows from 10,000 gpd to
about 270,000 gpd.

The WATER Model

The WATER Model is aso a spreadsheet program based on cost estimating equations
presented in the EPA Report entitled “ Estimation of Small System Water Treatment Costs 1984.”
The WATER Model can estimate capital and O& M costs based on user supplied design criteriaand
cost indices for 45 unit processes. Costs can be generated for a single process or a combination of
processes (a treatment train). The costs in the WATER Model are applicable for plant sizes from
15,000 gpd to 1 mgd.

Construction cost datainthe WATER Model are based on unit equipment cost datasupplied
by manufacturers, cost datafrom actual plant construction, unit takeoffsfrom actual and conceptual
designs, and published data. Operation and maintenance requirements are based on operating data

at existing plants, BPJ, and information from equipment manufacturers.

Construction costs generated by the WATER Model can be updated using cost indices.
Engineering cost factors, used for estimating total capital costs, can also be adjusted by the user.
O&M costs can be updated using labor indices, labor rates, and chemical costs.

The W/W Costs Model

TheW/W CostsModel isacomputerized DOS-based model and isapplicabletolarge plants
(1to 200 mgd) but isalso capable of estimating costsfor package plantsfor sometechnologies(e.g.,
GAC). Version 2.0 of the W/W Costs Model was developed in 1994 by Culp/Wesner/Culp, an
engineering consulting firm, based on various information sources including an EPA Report titled
“Estimating Water Treatment Costs. Cost Curves Applicable to 1 to 200 mgd Treatment Plants,
Volume 2, August 1979.” This report provides conceptual designs and cost curves for 99 unit

[processes.
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The W/W Costs Model allowsthe user to select from among 149 individual unit processes.
About 90 unit processes are solely applicable to drinking water treatment. Similar to the WATER
Model, the W/W Costs Model can be used to estimate costs for a single unit process or a
combination of unit processes. Key inputsinclude construction cost indices(e.g., Engineering News

Record indices), engineering cost factors, labor rates, and chemical costs.

4.1.3 Case Studies

Costs reported in case studies from several different sources and costs from other models
were used to validate the costs generated by the PTA-Model and GAC Model. These case studies
encompass projects for small to medium water treatment plants that have implemented aeration to
treat radon and other VOCs. A brief description of each of the sources and general information vis-

aVis each case study is presented below.

A.E. Hodsdon Engineers Report: Thisdocument isan unpublished report entitled “Field
Verification of Radon Treatment Costs for Very Very Small to Medium Sized Water Systems’
prepared by A.E. Hodsdon Consulting Engineersfor the AWWA. Thestudy collected costsincurred
by utilitiestoinstall varioustypesof radon treatment systemsincluding PTA, STA, DBA, and GAC.
Data was collected via a questionnaire which requested a breakdown of costs. Only the raw data

from this document was used for comparative anaysis.

Operating Experiences at VOC Treatment Facilities: This report was prepared by
Malcolm Pirnie, Inc. and presents process performance and costs for air stripping and GAC at
facilities treating volatile organic compounds (VOCs). Since the same types of technologies that

remove VOCs are applicable for Radon, the costs presented in this report were used.

Evaluation of Full-Scale Treatment Technologies at Small Drinking Water Systems,
Summary of Available Cost and Performance Data: This document is a recently developed
(1998) referencetool that contains cost and performance datafor treatment technol ogies applicable

to small drinking water systems.
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MSBA Information from Lowry Engineers: Information was also obtained from
memoranda from Lowry Engineers on the performance and costs of multi-staged bubble aeration
(MSBA). Lowry Engineers have extensive experience in implementing aeration technologies for

Radon removal.

Wright-Pierce Engineering Case Studies: Cost data for installed multi-stage bubble

aeration was provided via personal communication to EPA by Wright-Pierce Engineers.

Assessment of GAC Adsorption for Radon Removal: This report was prepared by the
American Water Works Association Research Foundation (AWWARF) and is a research effort
aimed at determining radon removal efficiency of different types of GAC. Cost data are aso
provided for hypothetical treatment plants.

American Water Works Service Company: Thisreport entitled* Pennsylvania-American
Water Company, Eastern Region, Comprehensive Planning Study, 1990" details the costs of
upgrading a ground water treatment facility in Frackville, Pennsylvania. Costs are included for

various upgrades including a PTA system for VOC removal.

AWWARF: This report “Critical Assessment of Radon Removal Systems for Drinking
Water Supplies, 1998" The report critically compares old EPA cost estimates with AWWA cost

estimates and provides cost estimates from case studies.

4.1.4 Costing of PTA and DBA Units Using Direct Engineering Costing Methods

Since small systems may be impacted the most by the Radon regulation, a separate cost
estimate for PTA was developed for small plants using best professiona judgment and the cost
estimating literature such as R.S. Means publications. Also, this cost estimate is based on using
aternative materials of construction to those dictated by existing configurations. Costs were a'so
estimated for DBA. Diffused bubble aeration is a technology that can be retrofitted into existing
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water treatment plants. It offers another alternative to installing afull-fledged PTA or similar unit

and can provide afacility with alow-cost yet effective Radon control technology.

4.1.5 Assumptions for Engineering Cost Factors and Other Costing Inputs

In November of 1997, EPA convened the Technology Design Panel (TDP) at an EPA-
sponsored workshop in Denver. The TDP was comprised of experts from the drinking water field.
They provided recommendationson ahost of issuesvis-a-visSEPA’ sregul atory cost analysisprocess.
Among the issues discussed was the need to bring better consistency in assumptionsfor estimating
costs. Therefore, the assumptions for cost-related items in this report are based largely on the
discussions among these experts which are embodied in two documents. These documents are:
“Discussion Summary: EPA Technology Design Workshop.” November 6 to 7, 1997 Denver,
Colorado and the “ Technology Design Information Package.” November 1997.%? Each of the cost

elementsis discussed below.

Engineering Cost Factors

Based on an EPA Manual entitled “Innovative and Alternative Technology Assessment
Manual,” total capital costs are comprised of construction and other non-construction costs.
Construction costs include the installed cost of components, miscellaneous structures, piping,
instrumentation and site preparation. Non-construction costs include engineering design fees,
overhead and profit, and contingencies. Non-construction costs are estimated based on assumed
percentages. These percentages are known as engineering cost factors. For example, engineering
design fees, which are based on the complexity and scale of a project, range from 4 to 15 percent of

construction costs.

In the past, engineering cost factors in EPA’s Technology and Cost (T and C) documents
were based on best professional judgment and the literature. To promote better consistency in the

application of engineering cost factors, the TDP made some recommendations (see Table 4-1).

2nmany cases, the TDPdid not provide specific recommendations. They provided ranges of expected values
for various cost items. In cases where ranges were provided or in areas where they disagreed, the costing assumptions
were based on an interpretation of the TDP' sintent.

4-9 May 1999



As Table 4-1 shows, the TDP left

some leeway for interpretation of their

Small Systems

Installed Process Equipment 40%
guidelines and this is appropriate because the Engineering Design 20%
Construction [Indirect] 40%
complexity of the technology under
) ) ) . Tota Capital Costs 100%
consideration and other factors will permit
anaysts some flexibility when developing Large Systems
treatment technology costs for T&C Process Equipment 22-29%
. . Engineering Design 25%
documents. At the same time, the lumping of Construction [Indirect] o5 E0%
many capital cost el ementsintothree categories Total Capital Costs 100%

allows analysts to prepare cost estimates more
. ) . Source: Discussion Summary: EPA Technology Design
quickly. Theapproach by the TDPissuitedfor  \workshop. November 6 and 7, 1997. EPA.
Note: Construction costsinclude miscellaneousindirect

regulatory cost analysis and where applicable items like sitework, profit, and contingencies.

their guidelines were integrated into the PTA
Table 4-1. Summary of Percentages
and GAC Cost Modelsand applied tothe VSS, Recommended by the TDP

WATER, and W/W Costs Model as well.

However, areview of cost estimating literature and case studiesindicate that the percentages
recommended by the TDP are conservative. For example engineering design fees are reported in
cost estimating literatureto vary from 4 to 15 percent of total construction costs (Humphreys, 1993),
with the higher percent being more applicable for complex chemical processing plants or small
projects. Economies-of-scale results in indirect construction costs like engineering to become a

relatively small component of the total capital costs.

An evaluation of case studies on PTA places mean engineering and indirect construction
costsat 17 percent and 17 percent of total capital costs, respectively [Figure 4-1]. The percentages
in Figure 4-1 are based on datafor small drinking water plants with flows ranging from 9 to 1,400
galons per minute (gpm). The 17 percent for engineering is high based on best professional
judgment and the published literature but still below the TDP-recommendations (Table 4-1).

However, for very small plants, engineering design can represent alarge portion of total capital costs.
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The case study data showed that engineering comprised only 8 percent of the capital costs

for the 1,400 gpm plant, which isin line with expectations.

Figure 4-1 shows construction costs only account for 17 percent of total capital costs. This
ismuch lower than the percentages recommended by the TDP, however, five of the 11 case studies
had construction costsranging from 3to 10 percent of total capital costs. These may below because
some of the case studies were retrofits using innovative installation techniques rather than full-
fledgedinstall ations. Without these data points, construction costsaccount for 25 percent of thetotal
capital costs. Thisisinlinewiththe TDP recommendationsfor small systemsbut at thelower range

of the values for large systems.

Only four case studies were available for GAC, but the data shows that process equipment

costs and installation account for two thirds of the total capital costs (Figure 4-2).

The implication of the TDP assumptions of process equipment costs can be seen by the

following example.

Case 1 (Using TDP-recommended percentages)

Model-generated process equipment costs = $100 or 40 percent of total capital costs

Engineering costs= $50 or 20 percent of total capital costs (imputed by setting process = 40 percent of total capital
costs)

Construction costs = $100 or 40 percent of total capital costs (imputed by setting process = 40 percent of total
capital costs)

Total Capital Costs = $100 (process) + $50 (engineering) + $100 (construction) = $250

Case 2 (Using Case Study data where process equipment is a greater percentage of total capital costs)

Process Equipment Costs = $100 or 66 percent of total capital costs
Engineering costs = $25.75 or 17 percent of total capital costs
Construction costs = $25.75 or 17 percent of total

Total Capital Costs = $100 (process) + $25.75 (engineering) + $25.75 (construction) = $151.52
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Thedifference between the case study dataand setting model -based estimates of process

costs at 40 percent of total capital costs are 65 percent. This suggests that using the TDP-based

approach, which assumes that equipment costs account for no more than 50 percent of the total

capital costs may result in conservative estimates.

Because of the relatively high degree of conservatism introduced into the PTA and GAC

Model Cost estimates if the TDP recommendations were adopted, costs estimates for alternative

designsfor PTA and DBA were based on applying percentagesfor individual elementsbased on the

literature and best professional judgment.®® This “two-pronged” approach for generating costs was

designed to acknowledge the recommendations of the TDPwhile providing an alternative sourcefor

comparativeanalysisof theresults. Table 4-2 liststhe percentagesfor engineering and construction

costsused for PTA and GAC Models. The percentages used for the direct engineering approach are

presented in Table 4-7.

Table 4-2. Percentages Used in the PTA-COST and GAC-COST Models!

Treatment Plant Size?
Clos; Small Medium Large
Component
PTA GAC PTA GAC PTA GAC
Installed Process Components? 50% 40.0% 40.0% 35.0% 30.0% 30.0%
Engineering 15%° 20.0% 22.5% 25.0% 30.0% 30.0%
Indirect Construction Costs® 35.0% 40.0% 37.5% 40.0% 40.0% 40.0%
Total Capital Costs 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

! Based on TDP guidelines.

2 The TDP did not define small and large systems by flow. For this report small plants are 1 mgd; medium 1 to

10 mgd; and large plants are greater than 10 mgd.
% Includes miscellaneousindirect itemslike sitework, interest during construction, administrative and legal costs, and

contingencies.

3 Note that the TDP also provided recommendations that allows flexibility in making assumptions for
engineering cost factors. Their recommended ranges for individual elements of indirect costs agree well with values
reported in the literature and best professional judgment.
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Labor Rates

Another issue discussed during the TDP workshop in Denver were operator |abor rates used
to estimate O&M costs. Old T&C documents show that analysts assumed labor rates for water
treatment professionalsto be about $15 dollars per hour. The TDP suggested that loaded |abor rates
should be used and that |abor rates should account for system size. The TDP Panel recommended
loaded labor rates ranging from $28 to $75, with the higher labor rates for highly trained water
treatment professionals. They recommended checking labor rates from the Bureau of Labor

Statistics (BLS) or from State operator surveys.

Anevaluation of thelabor rates (unloaded) fromthe BL S*1998-1999 Occupational Outlook
Handbook - Water and Wastewater Treatment Plant Operators’ reported unl oaded weekly |abor rates
ranging from $335 to $1,034 with a mean of $668 which trandates to $16.70 for a 40 hour
workweek. Based on the BLS data, the maximum value of $1,034 translates to $25.85 per hour.
Based on this data, the following loaded labor rates were selected.

Small Systems(<1mgd) - $28
Medium (1 to 10 mgd) - $40
Large (>10 mgd) - $52

Note: Above rates reflect aloading of 70-100 percent
of base salary for fringe and other benefits

The above rates incorporate the TDP's recommendations for using loaded rates and

acknowledge that labor rates increase as afunction of system size.

Redundancies

Prudent design practicesgenerally allow for redundancies. Thesemay includean extrapump
toallow for uninterrupted service. However, drinking water treatment plantstypically have storage,
whichwould allow for some down-time of equipment for repair. Inthe TDP workshop, the experts
agreed that redundancy is not a major concern for small systems, particularly those with storage

capacity. Most membersof the TDP agreed that it was prudent to include redundancy for pumpsand
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chemical feeders. Accordingly, an extra pump and blower was assumed to be required for PTA and
DBA.

Permits

Inalmost all cases, new construction will require the need for permits. Permitsarerequired
for construction and for discharge to air, water, or land. The TDP members suggested that permits
beincluded as part of design costsor avalue of 3 percent of total construction costs be assumed with
aminimumfloor of $2,500. Notethat the TDP hasalready recommended rel atively high percentages
for design and including permitting costs at 3 percent of the construction costs may overinflate
permitting relative to other costs. Permitting was not broken out separately for the available case
studiesthat reported differentiated cost data (about 20 studies). Only one out of the 20 case studies
reported permitting as a separate line item. The permitting costs for this facility were about seven
percent of thetotal capital costs. Figure 4-3 shows abreakdown of the mean percent for permitting
and other “extra’ lineitems. Itisinferred from these case studies that permitting istypically not a
cost driver and may already be rolled into items like engineering design. Thus, assuming an
additional 3 percent of capital costs for permitting adds a level of conservatism that may not be
necessary, particularly when the assumed engineering cost factors are already conservative. Since
percentagesfor engineering areaready believed to beconservative, permittingisnot included aspart
of thebasic technol ogy installation costsbut thefinal decision to usethe 3 percent suggested by TDP
or to assumeit as part of the design is better made during the RIA process. Accordingly, permitting

costs are presented in this document as a separate line item.

Land

Treatment plants typically have land available to install a new unit process. Neither PTA,
nor GAC are particularly land-intensive technol ogies but some systems may need to purchase land
toinstall these systems. The TDP members discussed the fact that land could be an important item
driving costs, particularly for scenarioswhere treatment plants arelocated in dense urban areas such
asLos Angeles county. However, the TDP members did not provide specifics on valuing land but

generally agreed that regulatory analysis costs should acknowledge that treatment plants may have
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to purchase land and that the val ue of thisland would vary based on whether it waslocated inarural,

suburban, or an urban area.

For the purposes of this document, the TDP' s recommendations for land were addressed by

assigning land values based on system size. The following land values were used.

Small Systems(<1mgd) - $1,000 per acre
Medium (1 to 10 mgd) — $10,000 per acre

The cost per acre for small systems is based on the assumption that small systems will
typicaly belocated in rural areasor in areaswhereland is not expensive. Larger systemswould be
located in small towns or metropolitan areas where land prices are higher. Note that of the 20 case
studies with disaggregated costs for aeration, only two reported land acquisition. Land accounted
for about 15 percent and 3 percent of the total capital costs for these two case studies. Acrossall
case studies, land accounts for about one percent of total costs. This suggests that it may not be a

significant cost driver.

Pre-and Post-Treatment Costs

As noted previoudly, the installation of PTA or GAC could trigger the need for other
technologies. Disinfection of previously undisinfected groundwater water or post-treatment may be
necessary because the water passing through the packing or the GAC system could become
microbiologically contaminated. Also, PTA or GAC systemscan befouledif theraw water contains
too much iron and/or manganese. In this case, the water would need to be pre-treated prior to the
PTA or GAC unit.

Costsfor disinfection areincludedinthisdocument for estimating disinfection costsfor those
systems requiring disinfection. Costs for disinfection are based on the document *Evaluation of
Central Treatment Options As Small System Treatment Technologies.” Note that about half of the
ground water PWS universe already disinfects. Thus, a limited subset of potentially impacted

facilities would need to install disinfection.
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While some utilities are expected to require pre-treatment to improve the raw water quality

for PTA and GAC, the number isexpected to besmall. First, itispresumed that water supplieswith

high iron and manganese problems are aready treating these pollutants for aesthetic reasons.

Second, an evaluation of co-occurrence data (Table 4-3) indicates that only a small fraction of

systems have iron or manganese at levels greater than the secondary MCLs (0.3 mg/| for Fe and

0.05 mg/l for Mn). Third, for the case of PTA (or other types of aeration), chemical wash systems

can be purchased at a small fraction of the costs for installing full-blown iron and manganese

treatment units. For those utilities (believed to be limited) requiring pre-treatment, generalized

capital and O& M cost curves were taken from the same document as that for pre-treatment.

Table 4-3. Co-Occurrence Data for Iron and Manganese Versus Radon

Radon Diss. Fe (mg/L)

(pCi/L) ND <0.3 0.3-1.5 1.5-2.5 >2.5 Totals
ND 0.67% 0.36% 0.21% 0.02% 0.31% 1.57%
<100 2.17% 1.72% 0.53% 0.12% 0.48% 5.02%
100-300 7.55% 10.20% 2.67% 1.34% 1.74% 23.50%
300-1,000 18.89% 22.61% 3.08% 0.57% 1.31% 46.46%
1,000-3,000 6.42% 9.05% 0.74% 0.10% 0.62% 16.93%
>3,000 2.10% 3.82% 0.31% 0.02% 0.26% 6.51%
Totals 37.80% 47.76% 7.54% 2.17% 4.72% 100.00%

Radon Diss. Mn (gm/L)

(pCilL) ND <0.02 0.02-0.05 >.050 Totals
ND 0.69% 0.26% 0.05% 0.57% 1.57%
>100 2.67% 0.84% 0.36% 1.15% 5.02%

100-300 8.00% 5.97% 2.20% 7.33% 23.50%
300-1,000 21.99% 11.84% 3.17% 9.48% 46.48%
1,000-3,000 6.45% 5.90% 1.24% 3.34% 16.93%
> 3,000 1.43% 3.39% 0.53% 1.17% 6.52%
Totals 41.23% 28.20% 7.55% 23.04% 100.00%
Source: EPA, 1999.
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Housing

Housing can also be required to enclose the entire process or components of the process.
PTA systems do not require housing except for components like pumps, blowers, and control
instrumentation but an entire GAC unit can be enclosed in abuilding (although many GAC unitsare
also found outdoors). For the purposes of this document, housing requirementsfor PTA and GAC
are based on best professional judgment. A review of engineering literature reports that building
costs can account for up to 20 percent of the process equipment costs (AWWA/ASCE, 1990). For
the 20 case studies, eight facilities reported requiring structures. These eight facilities costs for
structures were about 19 percent of the total costs, which corroborates the literature. The mean

across all case studies was 10 percent (Figure 4-3).

For PTA, it isassumed that building costs account for 10 percent of the process equipment
costs because housing requirements need only address pumps, blowers, and instrumentation. For

GAC, it isassumed that housing costs are 20 percent of the process equipment costs.

4.1.6 Summary of Design and Cost Assumptions Used for Each Model

The key design inputs for the PTA-COST Model are the design and average plant flows,
Henry’ slaw co-efficient for Radon, the desired removal efficiency, air-to-water ratios, cost indices,
and alabor rate. Other variablesare“internal” and can only be manually altered. These variables
include sizeratiosfor the clearwell, physical constants, and cost/design relationships devel oped by
the original authors of the program. These design factorswere also used for sizing PTA unitscosted

using the direct engineering costing approach.

The basic input parameters for GAC design are the design and average flows of the system
andtherate constant (Ky). The higher the K value, the morethe contaminant adsorbsto the carbon.
Higher K values result in lower empty bed contact times (EBCT), the time the water needs to be
in contact with the carbon to achieve the desired performance goal (AWWARF, 1997). This
translatesinto smaller processunitsand lower costs. Inastudy conducted by AWWARF, K values
used for conceptual design scenarios for treating radon ranged from 1.5t0 4.5. Costsin thisreport
are based on aK of 3.0, the mid-point of the AWWARF scenario values.
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The key design and cost input variablesfor PTA and GAC are presented in Tables 4-4 and
4-5 for the models used. Table 4-6 presents a summary of input cost factors and cost indices used

in the models.

4.1.7 Summary of Assumptions Used for Alternative PTA

As noted earlier, PTA costs were estimated using an aternative approach, which entailed
considering different materials of construction and a potentially |ess expensive configuration. This
approach was used only for a series of small plants, ranging in size from 0.05 to 2.9 mgd. This
method was used because radon compliance costs are expected to be incurred by small systemsand
having an alternative to the model -based costsfor PTA would provide analystswith moreflexibility
during the RIA.

For this approach, PTA designs were based on standard design equations available in
engineering literature. Table 4-7 presentsthe design and cost estimating assumptionsused. Thekey
difference from the PTA Cost Model’ s conceptual configuration and the direct engineered design
is the fact that the tower rests on a slab and that the clearwell is at grade. These differences are
expected to result inamore cost-effective design (excavation and concretework are minimized) and
may be more realistic for small systems dealing strictly with a Radon problem. Appendix A-0O

presents a conceptualized diagram of the design.

4.1.8 Summary of Assumptions Used for Alternative DBA

Diffused bubbleaeration hasal so been demonstrated to be effectivefor Radonremoval. Cost
estimatesfor DBA were devel oped by selecting and costing componentsthat are common with PTA
(primarily the blower). Specifically, costsfor thetower and installation, internal's, packing material
were “backed out” of the cost estimates for the direct-engineered PTA treatment unit. The same
number of plants asthe direct engineered PTA were used. Theair blower was sized using the same
eguations and assumptions as the direct engineered PTA using awater height of 3feet. This*back-
of-the-envelope” cost estimate for DBA yields conservative estimates of capital and O&M cost

estimates. The design assumptions for this configuration are presented in Table 4-8.
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Table 4-4. Summary of Design Inputs for Estimating PTA Costs

Model

Design Inputs

PTA-COST

Flow: Range of flowsto cover plant sizes from 0.01 to 100 mgd
Loading Rate: 30 gpm/ft2 (flooding considerations)
Air-to-Water Ratio: 15 (This can vary from 2 to 50 based on flooding checks)
Tower Dimensions:
Column diameter: Between 0.5 and 10 feet
Packing height: Between 1 and 20 times the diameter but less than 40 feet
Removal Efficiencies. 80 and 99 percent.
Clearwell: Generated by the model based on detention time.
(5- and 10-minute detention times were considered.)

VSS*

Flow: Range of flowsto cover plant sizes from 0.015 to 0.270 mgd (the model’ s flow
domain)
Costs based on designs generated by PTA-COST Model

Water*

Flow: Range of flowsto cover plant sizes from 0.015 to 1 mgd (the model’ s flow domain)
Costs based on design generated by PTA-COST Model

W/W Cost*

Flow: Range of flowsto cover plant sizesfrom 1 to 100 mgd
Costs based on design generated by PTA-COST Model

* These models cannot perform process design. The PTA-COST Model was used to generate the process design for usein
these models. Outputs from these models are used for comparison with PTA-COST Model results only.

Table 4-5. Summary Design Inputs for Estimating GAC Costs

Model

Design Inputs

GAC-COST

Flow: Range of flowsfrom 0.01 to 100 mgd

K 3.0 (Mean of the values reported in AWWARF s Radon Report)*

Removal Efficiency: 50, 80, and 99 percent.

GAC replacement frequency: 555 days'

Density of carbon: 26 lbg/ft®

Transportation and disposal of GAC as a hon-radioactive waste costs are included (see
Appendix A).

VSS*!

Flow: Range of flowsto cover plant sizes from 0.015 to 0.270 mgd (the model’ s flow
domain)
Costs based on designs generated by GAC-COST Model

Water*?!

Flow: Range of flowsto cover plant sizes from 0.015 to 1 mgd (the model’ s flow domain
Costs based on design generated by GAC-COST Model

W/W Cost**

Flow:
Costs based on design generated by GAC-COST Model

! Assessment of GAC Adsorption for Radon Removal. Revised Final. November, 1997. AWWARF. Denver, CO. GAC
replacement frequency is based on length of study in the AWWARF Report.

* These models cannot perform process design. The GAC-COST Mode was used to generate process designs. Outputs
from these models are used for comparison with GAC-COST Model results only.
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Table 4-6. Cost Indices and Other Factors for Models

Cost Index/Parameter Index/Factor Value
Engineering and Design (percent of total capital costs)* See Section 4.1.5
Construction (percent of total capital costs)* See Section 4.1.5
Land Cost ($/Acre) ? $1,000 for rural (< 1 mgd)
$10,000 for urban (> 1 mgd)
Electricity Cost ($/kwh) 3 0.090
Labor ($/hr)* $28 per hour for systems < 1 mgd)
$40 per hour for systems between 1 and 10 mgd
$52 per hour for systems > 10 mgd

Diesel Fuel ($/gal)? 0.979
Natural Gas ($/ft?) 3 0.0085
Building Energy (kwh/ft?/yr)® 19.5
ENR Skilled Labor

(1967 base) 531 (for WATER Model)

(1913 base) 5,294 (for W/W Costs Model)
ENR Building Costs

(1967 base) 499.1 (for WATER Model)

(1913 base) 3,370 (for W/W Costs Model)
ENR Construction Cost Index

(1983 base) 542 (for PTA-Cost Model)

Average CCI Increase 3.2 (for W/W Costs Model)
PPI for Finished Goods 367.9 (for WATER Model)
BLS Commodity Code No. 114 441.9 (for WATER Model)
BLS Commodity Code No. 132 447.9 (for WATER Model)
BLS Commodity Code No. 1017 405.6 (for WATER Model)
BLS Commodity Code No. 1149 517.8 (for WATER Mode!)
BLS Commodity Code No. 117 281.9 (for WATER Model)

1 Engineering and construction cost percentages are based on evaluation of constructed projects and from recommendations from experts
(seeSection 4.1.3).

2 Land costs are based on “ Technology Design Conference Information Package. USEPA. Nov. 1997" and best professional judgment.

® Bureau of Labor Statistics.

4 Labor costs are based on range of |abor values presented in TDP Report. Rates are |oaded values.

® WATER Model Document.
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Table 4-7. Design and Cost Assumptions for Alternative PTA Configuration

Process Item or Parameter Value

Plant Sizes Five plants sizes: 0.1 to 2.2 mgd design flows.

Performance 80 and 99 percent removal

Tower Height Restrained to 20 ft by varying diameter within a1 to 5 foot range to
maintain low profile. Tower height isthree feet greater than packing
height.

Tower Diameter Between 1 and 5 feet.

Tower Construction Fiberglass Unit with steel internals mounted on 10" x 15' 8" concrete slab.

Pumps Dual centrifugal pumps at the inlet. Designed to deliver water to top of the

tower. 20 percent allowance for suction head and another 20 percent for
frictional losses. Pumps and blowers are housed in sheds.

Clearwell At grade ready-made tank

Blower Standard air blower

Piping and valving Pipe diameter based on 6 ft/s delivery. Three butterfly valvesto regulate
and distribute flow (see conceptua diagram)

Packing Plastic packing

Air-to-Water Ratio 15-25 to keep tower height at 20 feet

Overall mass transfer coefficient 0.015 per second (see Appendix for other physical constants used)

O&M labor 15 minutes per shift to take readings. Two shifts for plants under 1 mgd,
three shifts for plants greater than 1 mgd. Labor rate of $28 per hour for
plants under 1 mgd; $40 per hour for plants greater than 1 mgd.

Maintenance Two days per year
Packing reconditioning Once every year
Other Factors Engineering Design — 15 Percent

Other Indirect Costs— 12 Percent (Profit); 15 Percent (Contingencies)

4.2 CAPITAL AND O&M COSTS AND EQUATIONS

Point estimates of capital and O&M costs for aeration and GAC were first generated based
on the approach(es) described in Section 4.1. Cost curves were then generated using the trendline
function in Microsoft Excel, which generates best-fit equations for the flow and cost relationship.
Polynomial equations were used to provide the best possible fit.
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Table 4-8. Design and Cost Assumptions for Direct Engineered DBA

Process Item or Parameter

Value

Plant Sizes Plants sizes: 0.05 to 2.9 mgd design flows.

Performance 80 and 99 percent removal

Water Height Restrained to 3 ft.

Tank size Based on 5 minutes retention time. At grade ready-made tank

Tank Fiberglass Unit with steel internals mounted on 10" x 15' 8" concrete slab.

Pumps Dual centrifugal pumps at the outlet. Designed to boost water delivery to
the next treatment step.. With 20 percent allowance for suction head and
another 20 percent for frictional losses. Pumps and blowers are housed in
sheds.

Blower Standard air blower

Piping and valving

Pipe diameter based on 6 ft/s delivery. Three butterfly valvesto regulate
and distribute flow

O&M labor 15 minutes per shift to take readings. Two shifts for plants under 1 mgd,
three shifts for plants greater than 1 mgd. Labor rates of $28 per hour for
plants under 1 mgd and $40 per hour for plants greater than 1 mgd.

Maintenance Two days per year

Other Factors

Engineering Design — 15 Percent
Other Indirect Costs— 12 Percent (Profit); 15 Percent (Contingencies)

4.2.1 Capital and O&M Costs for PTA and DBA

Table 4-9a presents asummary of capital and O&M costs from the PTA-COST Model for
al of the scenarios considered for PTA. Table 4-9b presents costs for other indirect items
potentially associated with the base aeration technology. Table 4-9c¢ presentscapital and O& M costs
for direct-engineered PTA. Table 4-9d presents capital and O& M costsfor DBA. Equations based
on the costs shown in Tables 4-9athrough 4-9d are presented at the end of this chapter.

Appendices A-1 and A-2 present more detailed breakdowns of estimated costs, cost curves
and resulting best fit equations.
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Table 4-9c. Capital and O&M Costs for Direct-Engineered PTA

Flows (mgd) Capital Costs O&M Costs

Design Average 80% Removal | 99% Removal | 80% Removal | 99% Removal
0.0432 0.0216 $27,300 $29,000 $8,700 $8,700
0.072 0.036 $28,600 $30,700 $8,700 $8,800
0.1296 0.0648 $28,700 $31,000 $8,800 $8,900
0.36 0.18 $36,600 $41,800 $9,900 $10,600
0.72 0.36 $50,400 $57,200 $10,600 $11,900
1.08 0.54 $57,800 $69,000 $12,200 $15,700
144 0.72 $59,900 $70,100 $12,200 $15,700
2.88 144 $82,000 $99,400 $12,800 $17,500

Table 4-9d. Capital and O&M Costs for DBA

Design Flow (mgd) Average Flow (mgd) Capital Cost O&M Cost
0.0432 0.0216 $19,100 $8,600
0.072 0.036 $20,300 $8,600
0.1296 0.0648 $20,000 $8,600
0.36 0.18 $22,300 $9,200
0.72 0.36 $34,700 $9,200
1.08 054 $37,800 $10,300
144 0.72 $40,900 $10,300
2.88 144 $56,900 $10,300
Note: Costs are the same for 80 and 99 percent removals.

4.2.2 Capital and O&M Costs for GAC

Table 4-10a presents a summary of Capital and O&M costs for GAC for al of the
performance scenarios considered. Table 4-10b presents costs for other indirect items potentially
associated with the base GAC costs in Table 4-10a.  Appendix A-3 present the breakdown of
estimated costs and charts.
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4.3 INTERCONNECTION (REGIONALIZATION) COSTS

An dternative option for a utility to achieve compliance is through regionalization, which
entails linking up with other water systems that can cost-effectively provide water that meets the
regulatory requirement. Itiswell known from many studies (Castillo et a., 1997) that small water
systems have historicaly (pre-regulation periods included) had problems delivering a safe and

affordable level of water service to its customers.

Interconnection and consolidation of servicesis one way to achieve economies of scale for
compliance. Associated costs may include studies, legal fees, and interconnection costs (i.e., costs

for pipes and appurtenances).

Cost data for estimating interconnection costs were not readily available. A “back-of-the-
envelope’ estimate was assumed by taking the cost of installed cast iron pipe at $44 per linear foot
(an average cost for several pipe diameters) from the R.S. Means Plumbing Cost Data (1998) and
applying 20 percent for fittings, excavation, and other expenses resulting in a cost of $53 per linear
foot or $279,840 per mile. Thiscost, even if halved, indicates that interconnection costs could be

as high as treatment using aeration.

4.4 CENTRALIZED TREATMENT FOR SYSTEMS WITH LESS THAN 10,000 GPD
Point-of-entry (POE) costs were taken directly from the document entitled Cost Evaluation
of Small System Compliance Options: Point-of-Use and Point-of-Entry Treatment Units. Draft.
April 20, 1998.
The equations for POE treatment of Radon to 300 pCi/l are as follows:

GAC: y=11.47x%%
Aeration: y = 12.24x°%
where y = $ per thousand gallons; x = number of households

Note that unlike previous equations, the independent variable is x or the number of
households served.
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4.5 COMPARISON OF PTA CAPITAL COSTS WITH CASE STUDIES

Figure 4-4 presents the PTA Cost Model and the direct engineered 99-percent capital cost
curves and the case study data described previously in Section 4.1.* The case study datacosts, from
different years, were escalated to 1997 dollars assuming an annual inflation rate of three percent.
A power fit for the case study data was also generated using the trendline function in Microsoft
Excel.

100000000

10000000
"‘.#"'

1000000

100000

AWWARF 1998

Total Capital Costs

10000 cost estimates
X Power Fit Line for all
case studies
1000 : : : : .
0.001 0.01 0.1 1 10 100 1000

Design Flow, MGD
(1) Only for the base technology. Does not include costs for
structures, land, additional permitting, pre-and post-treatment.

o Case Studies STA and MSBA o  AWWA VOCs report
A Case Studies, "Full Scale Report" —e A\WWWARF 1993 Estimates
——0— Direct Engineered - 99% [ ] AWWAREF 1998 cost estimates

X Case Studies PTA Rn
Pow er (AWWARF 1998 cost estimates)

Pow er (AWWARF 1993 Estimates)

Figure 4-4. Comparison of PTA-COST Model Capital Costs to Case Studies

The case study data in Figure 4-4 demonstrate scatter across the range of plant sizes. The

scatter stems from several reasons. For example, some of the case studies reported in the A.E.

4 On alog scale, the 80-percent cost curves are almost identical to the 99-percent cost curves. To minimize
clutter, the 80 percent cost curves are not shown in Figure 4-4.
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Hodsdon Report were implemented using volunteer labor. These projects, at the lower-end of the
flow scale, are below the PTA Cost Model’s and the direct engineering capital cost curvein

Figure 4-4. Thisislogical because if standard construction methods were used, the cost of these
projects would probably be closer to the PTA. However, datafrom other case studies, which were

constructed using conventional means agree well with the PTA Cost Model’ s estimates.

Scatter also stems from the fact that some projects include some components that are not
necessarily associated with the base technology. These might include rel ocation of existing pumps
or other equipment, re-configuration of the piping, and installation of ancillary items not directly
related to the specific technology but implemented as part of the overall project. Other reasons for
the scatter include the variability in labor rates (costs can vary by geographical region), the year the

project was implemented, and soil conditions.

Thus, one can conclude that utilities across the United States will encounter different costs
when implementing a given technology for their system and that asingle utility’ s experienceis not
necessarily a good indicator of costs that other utility’s will incur in complying with the same
regulation. Thus, if modeled costs lie within the boundaries of a range of case studies, then the
model ed costs can be taken as areasonable indicator of potential compliance costsfor the purposes
of an RIA, which attempts to model costs at the national level.

As Figure 4-4 shows, the PTA Cost Model’s costs are remarkably close to a power fit
generated from the case study datafor the larger systems. Note also that the PTA Cost Model Cost
curveisjust for thebasic PTA Cost technology. Separate cost curvesare presented in the appendices
forinstanceswhen utilitieswill requiredisinfection, buildings, land, and permitting. Includingthese

costs would push the PTA technology cost curve towards the higher end of the case study scatter.

In Figure 4-4, the direct engineering cost curve has aflatter slope than the PTA Cost Model
curve. The costsgenerated based on the direct engineering approach arealso lessthan the PTA Cost
Model’s curve. The lower costs developed using the direct engineering approach are the result of

using a fiberglass tower and an above grade clearwell. But the capital costs using the direct
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engineering approach are still greater than the costs reported in some case studies because certain

fixed costs result in aflat curve at the lower end of the flow range.

Inaddition, capital cost estimates (escalated to 1997 dollars) presented by AWWARF, 1995,
for six plantsin its report * Estimating the Cost of Compliance With Drinking Water Standards. A
User's Guide.” The report noted that the costs for the six plants addresses issues related to very
small systems and the AWWAREF capital costs for aeration were shown to be two to three times
greater than EPA’ s capital cost estimatesfor PTA prepared at that time. 1n addition, the report also
concluded that EPA’ s capital costs tended to fall in the lower ranges of actual constructed projects
and that the EPA coststended to produce “ minimum” cost requirements. A 1998 AWWAREF report
“Critical Assessment of Radon Removal Systemsfor Drinking Water Supplies’ also notesthat actual
bid costs were well above EPA’ s capital cost curve for PTA.

Figure 4-4 showsthat the capital cost curvefrom therevised version of the PTA Cost Model
isabetter fit to the case study data, some of which are the same ones used in the AWWARF reports
noted above. As can be seen from the AWWAF's 1998 reports (Figure 8.5) , the “best fit"is
well-below the “PTA Cost” for small systems.

What isreassuring is that EPA’ s traditional models, also appear to agree with independent
model costs (Figure 4-5) and with the case studies. This provides further support to the PTA-Cost
Model as agood tool for estimating conceptual-level cost estimates for treating Radon.

45.1 Comparison of O&M Costs With All Case Studies

Figure 4-6 presents a comparison of the case study O&M data with the PTA-COST
Model and thedirect engineered data. The PTA-COST Model’ sestimatesfor O& M aregreater than
those reported in the case studiesfor plantslessthan 1 mgd. Thistrend isreversed asthe plant size
increases but the PTA-COST Model is still within the lower end of the scatter. Also, note that the
O&M costs display more scatter than the capital costs. Estimates of O& M costs are greater using
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Figure 4-5. Comparison of PTA-COST Model Capital Costs with Other EPA Models

the direct engineering approach than the PTA-COST Model approach. However, the direct
engineering O&M cost estimates changes with flow (cost slope) is flatter than that of- the PTA-
COST Model slope. Thisisreasonable becauselabor costsincreasein discrete steps. For example,
labor requirements for a 0.75-mgd plant and a 1-mgd plant are probably the same, particularly for
PTA technology because the only difference might be achangein the tower height or diameter. For
complianceestimates, the RIA analystscan choose betweenthe PTA-COST or thedirect engineering
O&M cost equations.

A comparative analysis of the GAC costs were not performed because the case study
information for thistechnology islimited. However, GAC costs(Table4-10a) and PTA costs(4-93)
differ by an order of magnitude. PTA isacheaper alternative for Radon removal and perhaps more
practical (disposal of spent GAC is an issue) than GAC based on the modeled results.

4-35 May 1999



1
uuuuuuuu

O PTA, STA O&M Costs, Hodsdon
A PTA O&M, Dyksen 1990 (VOCs)
O PTA O&M, Full Scale Data Report
< - PTA COST - 80%
—¥—PTA-COST - 99%

==@==Direct Engineered - 80%

=== Direct Engineered - 99%

Annual O&M Costs, $

0.001 0.01 0.1 1 10 100
Avg. Daily Flow, MGD

Figure 4-6. Comparison of PTA-COST Model with O&M Costs
with Case Studies and Other Models

4.6 SUMMARY OF EQUATIONS FOR AERATION AND GAC TECHNOLOGIES
Table 4-11 lists al of the cost equations developed for aeration and GAC.
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